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ABSTRACT 
Inorganic soil amendments have been suggested for use in turf to alleviate soil 
compaction, increase water retention and hydraulic conductivity, and improve many other 
soil physical properties. Many types of soil amendments have been used under various 
climate conditions and for different purposes, and the results are mixed. There is a need for 
systematic investigation of the physical properties of root-zones affected by soil amendments 
and construction methods. The stability of sand or soil amendments has been a concern 
when the media is subjected to weathering. The chemical and physical effects and seasonal 
freezing/thawing involved in the weathering process have significant impact on the physical 
properties after construction. This information is needed in the design process to improve 
performance characteristics of soil media. 
Unlike golf course greens, sports turf fields require a more stable playing surface to 
facilitate play and avoid player injuries. Many athletic fields have adapted a sand-based root 
zone system to avoid compaction and poor drainage. However, sand-based systems may be 
unstable. Research on the roles of inherent properties of sand in playing surface stability has 
been limited to evaluations of particle-size distribution. Although sand shape and roundness 
are considered to be an important component of surface stability, their roles relative to other 
factors still are not clearly understood because of the technical difficulties involved in 
quantitatively assessing these characteristics. 
The overall objective of my research is to gain a better understanding of the physical 
properties, such as water conductivity, water holding capacity, and porosity of sand-based 
media affected by soil amendments, either as root-zone mixtures or as topdressing materials. 
Specific objectives include the investigation of the changes of those soil physical properties 
over time, comparison of the effects of green construction methods (flat green vs sloped 
green) on these physical properties, and quantitative evaluation of particle shape and 
roundness. 
In a flat green study, porous ceramic clay (PCC), calcined diatomaceous earth (CDE), 
polymer coated clay (PC), and ceramic were used in the top 15 cm root zone at 10% (v/v) 
rate. The control contained 5% (v/v) peat. The treatments were applied in completely 
randomized block with three replications. Data collected on the flat green included saturated 
hydraulic conductivity (Ksat), water retention, water release curves, bulk density and total 
porosity on compacted samples collected at construction and undisturbed samples collected 
from the treated plots one and two years after establishment. The PCC treatment had an 8 
and 7% higher cation exchange capacity (CEC) than the control in 1997 and 1998, 
respectively. The PCC increased Ksat by 26 and 20% in the compacted and undisturbed 
samples, respectively, in 1998. The CDE increased water retention by 13% in both 
compacted and undisturbed samples. Hydraulic conductivity of the sand/inorganic mixtures 
decreased over the two years, although some increase in hydraulic conductivity were 
observed each spring. 
In a laboratory study, inorganic soil amendments were mixed with sand, repacked in a 
cylinder and compacted to certain bulk density according to the USGA specification. The 
samples then were saturated, frozen, thawed for 0 to 20 cycles to simulate freeze/thaw 
effects. It was found that after 20 freeze/thaw cycles, sand amended with PC had a 7.6% 
decrease in bulk density from the compacted sample. The percentage weight of the finest 
fraction that passed through the 0.106 mm sieve to the bottom pan increased due to 
freeze/thaw cycles in zeolite, clinoptilolite and lapillus treatments compared to the sand 
control. After 20 cycles of freeze/thaw, Ksat values of sand amended with PCC and CDE 
were 25 and 33% higher than the control, respectively. Twenty freeze/thaw cycles resulted 
in 24.7 and 16.2 cm h"1 increases in Ksat of the sand amended with PC and CDE, respectively. 
The increases of Ksat by PC and CDE are likely due to their bulk density decreases. 
The sloped research green (SRG) contained a 7.0% slope facing north, a knoll, a 
6.6% slope facing south, and a swale (the low portion to the south end of the green). The 
green was seeded with 'Crenshaw' creeping bentgrass (Agrostis palustris Huds.). The 
topdressing treatments included 80% sand and 20% peat (v/v), PCC, CDE, zeolite 
clinoptilolite, and zeolite clinoptilolite preloaded with fertilizers (ZPF). Turf color and cover 
quality were evaluated in 1999 and 2000 during the growing seasons and before and after 
two cycles of dry down treatments in the four areas on the green. During most of the 
growing season in 1999, ZPF treatment showed better turf color and coverage. This 
advantage was lost during the irrigated recovery period that followed two periods of water 
stress. It is possible that the extra 49 kg ha"1 of N in ZPF could have made turf quality appear 
better during most of the summer, but also predisposed the grass to more drought injury as 
was evident from the lower quality ratings during the water stress period. The low turf 
quality of ZPF in the spring of 2000 could have been caused by toxicity from Na and K 
which were 47.7 g kg"1 and 557.7 g kg"1 in the 0-2.5 cm of root zones, respectively. We did 
not find benefits of inorganic amendments used as topdressing materials to prevent dry patch 
problems on a sloped green. 
In the study of sand shape and roundness evaluation, mason sand, concrete sand, 
silica sand, crushed brick, and crushed stone were used to cover a wide range of shapes and 
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roundnesses based on visual observation. Glass beads were used as the base line. Crushed 
glass also were utilized to make a very angular sample. All materials were washed free of 
silt- and clay-sized particles and oven dried before evaluation. A roughness index (Ir) was 
proposed as the ratio of the particle surface area to the area of a sphere of the same volume. 
Surface areas were determined by coating the materials with aniline blue dye and measuring 
the light absorption of the dye washed off the particle surface. Angle at repose, coefficient of 
uniformity (CU), coefficient of friction (CF), and two-dimensional image analysis were also 
included in the evaluation of the materials. Principle component analysis indicated that only 
three factors — angle at repose, CU, and Ir,— are necessary to explain 98.5% of the variance 
contributing to surface stability of sand-based media. The results of this study showed that 
shape and roundness of sand grains could be expressed by Ir, which is sensitive and 
convenient for picking out the differences between materials. Two-dimensional image 
analysis, which evaluates form factor, roundness, and aspect ratio, provided insufficient 
separation of the diverse sands evaluated in this study. 
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CHAPTER 1. GENERAL INTRODUCTION 
INTRODUCTION 
The United States Golf Association (USGA) specification for green construction is 
the most widely used method in the world for that purpose. These recommendations are the 
result of accumulated experience in golf course construction, the application of the results of 
scientific research, and the application of the knowledge from the fields of civil engineering 
and agriculture. Since the first publication of the USGA specification in 1960, there have 
been three revisions, 1973, 1989 and 1993 (Hummel, 1993). The rapid increase in golf 
course construction that started in the mid 1980s, has resulted in an increase in research on 
golf course construction techniques. 
Current research on golf course construction includes several different objectives. 
One of the primary goals is to evaluate the reliability of the present specifications. A second 
objective of research projects funded by the USGA centers on environmental impacts of 
turf grass management practices. There are presently fifteen ongoing projects that are 
devoted to this issue and to the subject of wildlife management on the golf course (the USGA 
1998). A third objective emphasizes resource management and the development of 
sustainable and cost effective construction and management systems. Finally, a wide range 
of new technologies, including inorganic soil amendments, heating systems for root zones, 
and air circulating systems in the soil profile are catching more and more attention. 
In sports field construction, research emphasis has been on the adaptation of the 
USGA type system of root zone modification to athletic sports fields. Properly built sand-
based fields have better drainage than soil fields, but the sand media may be somewhat 
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unstable resulting in damage to the playing surface and concerns about player safety 
(Christians, 1998). Synthetic materials, such as TurfGrids and Netlon mesh, have been used 
to stabilize sports fields. However, their use is controversial (Baker, 1997). In the last few 
years, there has been a growing interest in the use of clay/loam soil to stabilize sand-based 
sports field, a procedure that would not be used in golf course greens. There are many 
differences between the management of golf course greens and sports field and more 
research is needed to properly adapt USGA specifications to sports field construction. These 
issues include player safety, surface stability, traction, resilience and ball bounce that are of 
lesser concern on golf greens. 
Sand-based root-zone media either as golf green or as sports field have a common 
disadvantage in that they hold less nutrients and water than soil-based root zones. Along 
with this comes the problems of more chemical leaching into ground water and increased use 
of fertilizers and water resources. Scientists have been looking for materials that can 
alleviate compaction, improve drainage and retain sufficient water when they are mixed with 
sand. Various soil amendments have been used under various climate conditions and for 
different purposes. There is a need for systematic investigation on the physical properties of 
root-zones affected by soil amendments and construction methods. 
The overall objectives of my research are to gain a better understanding of the 
physical characteristics, such as porosity, K^, water holding capacity, of the present version 
of the USGA-type root-zone media, to further evaluate the soil physical properties as affected 
by soil amendments as root-zone mixtures and as topdressing materials, and to further adapt 
present specifications to the construction of sports fields. Specific objectives included: 
investigating the changes of soil physical properties over time, comparing the effects of green 
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construction methods (flat green vs sloped green) on the physical properties that involve use 
of soil amendments, and developing new methods to quantitatively evaluate particle shape 
and roundness and to relate these characteristics to playing surface stability in a sport field. 
DISSERTATION ORGANIZATION 
This dissertation consists of five main chapters. The first chapter serves as a detailed 
literature review on the evolution of USGA specifications with emphasis on the history of 
soil media changes, the arguments for each period and the issues related to the application of 
soil amendments, especially inorganic soil amendments. This chapter also discusses the 
problems encountered when the USGA sand-based green specifications are adapted for 
sports field construction. Those problems include playing surface stability and safety issues. 
Over the last three years I have conducted field and laboratory study on the issues 
mentioned above under the direction of Dr. Nick Christians and Dr. Dave Minner. My 
program committee, Dr. Sally Logsdon, Dr. Robert Horton, and Dr. Michael Evans have 
made many constructive suggestions for the design of the experiments. This dissertation 
reports some of the results of the study either published or submitted for publication. 
Chapter 2 is a paper published in Crop Science, 40:1121-1125. It is presented here 
with copyright permission as it appears in the journal with the title "Inorganic soil 
amendment effects on sand-based sports turf media". Chapter 3, which has a title "Freezing 
and thawing effects on sand-based media modified with soil amendments", is in press in 
International Turf grass Society Research Journal Volume 9, 2001. Chapter 4 is a paper 
titled "Response of creeping bentgrass to inorganic soil amendments topdressed on a sloped 
green", and is to be submitted to Journal ofturfgrass management. Chapter 5 is titled 
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"Quantitative evaluation of sand shape and roundness and their potential effect on stability of 
sand-based athletic fields", and has been submitted to Crop Science. Chapter 6 provides 
general conclusions. All figures and tables are numbered separately in each chapter and may 
have slight differences in style in accordance to the requirements from different journals. 
LITERATURE REVIEW 
SOIL AMENDMENTS 
A soil conditioner is defined as a substance that improves the physical properties of 
soil (Wallace and Terry, 1998). More generally, the term amendment is used to imply 
substances that enhance any and all of the physical, biological, and nutritional properties of 
soil. The physical and biological properties are as important as soil nutritional properties. 
All together, these factors affect soil quality, which has a broader sense of meaning than soil 
fertility when we consider soil as a sustainable environmental filter. Soil conditioners may 
include mineral, organic, synthetic and waste. The definition of soil conditioner may overlap 
and the meaning is relative. 
Modification of Soil-based Root Zone with Sand 
Soil amendments were used in golf or sports turf root zone media as early as 1916 
(Hurdzan, 1985). In the beginning, sand as well as organic materials were used as 
amendments in soil-based root zone media. The amount of sand suggested to be mixed in the 
greens has increased from 30% (Richer et al., 1949) to 50% (Davis, 1952; Humbert and 
Grau, 1949), 75% (Garman, 1952; Lunt, 1956), and 80-85% (Kuntze, et al., 1957; Brown and 
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Duble, 1975). As a result of the research conducted in the 1950s, sand-based green 
specifications were generated by USGA green section. These specifications have been 
revised three times since they were first published (USGA Green Section Staff, 1960, 1973, 
1989, 1993). Meanwhile, extensive research has been done on the particle size distribution 
and water infiltration rate as affected by the rate of sand, sand particle size and gradation. 
Consensus among early research was that sand amendment should be uniform in particle size 
and in the range from 0.5 to 2.0 mm. The present USGA specification recommends that 
there should be no more than 10% in range 1.0-3.4 mm with a maximum of 3% fine gravel 
(2.0-3.4 mm), at least 60% in the range 0.25-1.0 mm, no more than 20% in 0.15-0.25 mm, no 
more than 5% in 0.05-0.15 mm, no more than 5% in 0.002-0.05 mm, no more than 3% in less 
than 0.002 mm, and no more than 10% of the total less than 0.15 mm (USGA Green Section 
Record, 1993). The guideline for aeration porosity was proposed to be 15% (Swatz and 
Kardos, 1963), and non-capillary porosity to be 10 to 15% (Lunt, 1958). Presently, USGA 
specification recommends that total porosity be 35-55%, non-capillary porosity be 15-30% 
and capillary porosity be 15-25%. Based on a laboratory study, Swartz and Kardos (1963) 
found very good correlation between the percentage of sand fraction and percolation rate (r > 
0.72) at 1/2 depletion of available water level. It was reported later, however, that changes of 
infiltration were not proportional to the changes of porosity which is caused by 
rearrangement of sand particles after green construction (Schmidt, 1980). Early reports on 
water infiltration were given in terms of flux density, unsaturated water conductivity and 
saturated water conductivity. It was therefore impossible to come to a commonly agreed 
criterion for saturated water conductivity. Brown and Duble (1975) proposed that the 
infiltration rate of 17 cm hr"1 is sufficient to handle a 100-year frequency storm anywhere in 
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the U.S. The present USGA specification listed saturated water conductivity of 15-30 and 
30-60 cm hr"1 as normal range and accelerated range, respectively (Davis et al., 1970; Janson, 
1970). 
Although both particle size distribution and water conductivity are recommended in 
the USGA specification, particle size distribution is more strictly followed by laboratories 
leaving the water conductivity as is. In most of the cases, the value of water conductivity is 
very high, especially when tested before green construction. It decreases dramatically after 
turfgrass establishment (Waddington, et al., 1974; Schmidt, 1980; Habeck and Christians, 
2000). It is not clear to what degree design criteria affect the end results in terms of water 
conductivity years after construction. The present USGA specification does not have 
guidelines for different climatic regions. It is not surprising to find that in a certain 
geological region, or in a certain season, water infiltration of golf greens is so high that 
frequent irrigation has to be supplied. The contradiction between retaining more water and 
nutrients and maintaining proper drainage is most acute in this circumstance. Kunze et al. 
(1957), working with sand-soil-peat mixtures, pointed out that "precaution should be taken in 
generalizing or utilizing as applicable to all golf green mixtures the suggested 
recommendations given herein." 
Organic Soil Amendment 
The importance of soil organic matter for the formation of soil aggregate and 
maintenance of soil structure stability is well recognized. Particulate soil organic matter has 
been one of the indices for sustainable agricultural use of land. Early studies on the soil-
based root zone mixtures in golf greens has included various organic matter sources like peat, 
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cocoa shells, mushroom soil, and charcoal (Richer et al., 1949). Peat and other organic 
materials also were used together with sand to improve the soil physical properties of golf 
greens (Swartz and Kardos, 1963; Waddington, 1976; Taylor and Blake, 1979; Talor and 
Blake, 1984) and landscape top soils (McCoy, 1998). 
Entering the 1990s, peat became an irreplaceable component in sand-based golf 
greens to hold more water and nutrients. In studying the physical properties of organic 
materials in sand-based root zones, McCoy (1992) reported that no more than 3.5% organic 
matter by weight should be included in the final mixtures in order to obtain bulk density < 
1.45 Mg m"3, and available water content > 0.2 m3 m"3. He also pointed out that any organic 
sources with fiber content > 45% should be avoided because of their coarse texture. 
Many kinds of non-peat organic amendments have been tested in turfgrass root zones 
in the last two decades. The alternatives include rice hull, cocopeat, saw dust, wood chips, 
bark compost, sewage sludge, poultry dung, yard wastes, tannery wastes, paper sludge, kelp 
meal, and fly ash. The benefits reported included plant nutrients release, disease suppression, 
microbial population improvement, and pH adjustment in addition to improvement of 
physical characteristics (Sternberg et al., 1984; Gregg, 1989; Jiang and Okinaka, 1993; 
Wilkinson, 1994; Laganiere et al., 1995; Liu et al., 1995; Cook and Baker, 1998; Cooper et 
al., 1998; Acista-Marinez et al., 1999; Loschinkohl et al., 1999; Wim et al., 2000). Research 
done so far on various organic materials did not compare the effects of them either on the 
same organic matter content or bulk density, making the comparison very hard if not 
impossible. There is not an effective test method for the important characteristics such as 
fiber content. Furthermore, the deficiency of a general standard for composts added more 
difficulties to the evaluation of various organic sources (Glenda, 1997; Hummel, 2000). 
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Synthetic organic soil conditioners such as polymers are not generally used in sand-
based root zones. They were initially suggested to be used as stabilizers for soil aggregates 
during constuction (Lunt, 1956). McGuire et al. (1978) investigated the effects of two 
bitumenous emulsions and five polyacrylamides on the sand media and turf growth and 
found that these chemical soil conditioners did not positively affect the soil physical 
properties, CEC, and turf growth, provided that the sand was under compacted condition. No 
information is available, however, on the effects of chemical soil conditioners on aggregate 
formation and stability when silt and clay part is included in the root-zone media and under 
compaction from traffic and turf management. 
Inorganic Soil Amendment 
The driving force for using pure sand root zones has been the ever increasing demand 
of longer opening times and the desire for perfect playing surface conditions of golf course 
and sports field. Sand-based media has a lower water and nutrient holding capacity than 
most clay and loam soils. Although various types of organic materials have been used to 
solve these problems, most frequently used organic materials such as peat are not stable and 
prone to degradation in a few years (Richer et al., 1949). Inorganic soil amendments that are 
stable and high in water retention and CEC were suggested to compromise the conflict. 
Calcined clay is one of the inorganic amendments that was reported to be able to increase the 
water infiltration rate of sand media (Morgan et al., 1966; Paul et al., 1970; Waddington, 
1976). 
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Calcined minerals are the largest group of inorganic soil amendments. There are 
many members in this family including calcined clay, vermiculite, perlite, calcined diatomite, 
expanded shale, and slag (Carrow, 1993). 
Calcined clay is produced by heating clay minerals, such as montmorillonite, to about 
870 °C (Waddington, 1976). Calcined clay has been used since 1960s (Hinesly, 1963). It 
was reported that the mixture of sand and calcined clay was least compacted and had higher 
water infiltration rates compared to wetting agent treatments, peat/sand mixtures and a pure 
sand control (Morgan et al., 1966). Similar results was reported by Paul et al. (1970). 
Ralston and Daniel (1973) investigated the response of bentgrass to water stress in three 
types of sands amended with calcined aggregates and peat. Their results indicated that the 
wilting point of bentgrass was delayed when grown in sands modified with calcined clay or 
calcined diatomaceous earth and peat. Some calcined clay also showed higher CEC and 
selective retention of K (McCoy and Stehouwer, 1998). 
Garman (1952) reported increased water permeability in a 1-1-1 vermiculite-soil-sand 
mixture than a 1-1-1 peat-soil-sand mixture. He suggested that when vermiculite is used, 
clay content should be less than 9 percent. Hagan and Stockton (1952) also indicated that 
vermiculite retains more water than other inorganic materials. Paul et al. (1970), however, 
pointed out that in the case of mixing with sand, vermiculite caused decrease of hydraulic 
conductivity because of the deformation of the amendment particles under compaction. 
Perlite is a light porous material produced by heating siliceous, obsidian-like, 
volcanic rock. It also does not have the same strength as sand (Hinesly, 1963). Paul et al. 
(1970) found that perlite did not increase the water conductivity when mixed with three 
10 
different sands and the relative hydraulic conductivity of perlite-sand mixture was lower than 
that of pure sand. Waddington (1976) reported similar results. 
Calcined diatomaceous earth is produced from heating fossilised diatoms. 
Commercial products include DIAJLOAM™, AXIS™, PSA™. Ralston and Daniel (1973) 
reported significant water holding ability of calcined diatomaceous earth when mixed with 
dune sand in a PURR-WICK® root zone system. McCoy and Stehouwer (1998) reported 
increased retention of water in the internal pore space of calcined diatomaceous earth, but the 
water was released at lower water pressure than calcined clay. 
Natural zeolites are regular components of Cenozoic volcanic sedimentary rocks and 
altered pyroclastic rocks. They are very important soil amendments because of their abilities 
to hydrate and dehydrate reversibly, their high CEC, and their porous characteristics 
(Ferguson et al., 1986; Min and Mumpton, 1989). Positive effect on water holding and CEC 
was reported by Nus and Brauen (1991) on zeolite sand mixtures compared with sand or sand 
peat control. Huang and Petrovic (1995) investigated the particle size effects of 
clinoptilolitic zeollite and found that saturated hydraulic conductivity decreases and available 
water content increases as the particle size decreases. 
Issues Related to the Application of Soil Amendments in Golf Course and Sports Field 
The stability of sand and soil aggregates has been the concern when they are 
subjected to weathering actions. The chemical, physical and freezing and thawing actions 
involved in the weathering process have great impact on the physical properties after 
construction. ASTM standard designated to test the soundness of aggregates by use of 
sodium sulfate or magnesium sulfate solutions has been suggested to be used to test the sand 
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for turfgrass root zones. It is accomplished by repeated immersion in saturated solutions and 
drying to simulate weathering processes (ASTM designation: C88-90). However the 
precision of this method is poor and different results usually are generated from the two salts 
and materials of different particle sizes. Similarly, the test of resistance to physical 
degradation of small-sized coarse aggregate by abrasion and impact in the Los Angeles 
Machine (ASTM designation: C131-96) also results in incomparable results from materials 
with distinctly different origin, composition, or structure. Although the 1993 USGA 
specification does not recommend these tests, it has been reported that particle size 
distribution and hydraulic conductivity of USGA greens change dramatically after 
construction (Habeck and Christians, 2000). 
Freezing and thawing have long been reported as being responsible for the breakdown 
of soil particles and aggregates (Pawluk, 1988; Lehrsch et al., 1991; Hower et al., 1992). The 
changes of soil texture and structure caused by freezing and thawing have a significant 
impact on soil water retention and drainage properties (Benoit and Bomstein, 1970). 
Waddington et al. (1974) studied the water retention and saturated hydraulic conductivity 
(Ksat) of sand-based media amended with inorganic materials. Although their data showed a 
general decrease of K^, values over a 9-year period, the ïC.at fluctuated annually and this may 
have been caused by freeze/thaw or cultivation practices. Little is known about the 
combined effects of weathering and mechanical compaction on the bulk density and particle 
size of sand media amended with inorganic materials. 
In recent years, more research is conducted on the golf courses in order to receive 
more practical results. The logic behind this is that research plots seldom match the amount 
of stress in terms of traffic and pests. Another obvious difference between golf course greens 
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and research plots is that the former are usually built on a undulated topography whereas the 
later are flat and uniform. In the case of undulated golf greens, not only the 
microenvironments tend to be different in different locations, but also the water and nutrient 
distributions and ultimately the stress related problems associated with such heterogeneous 
root zone media. It has been assumed that dry patch happens more often in higher spots and 
black layer happens more often in lower spots on an undulated golf green when water is 
improperly managed (Wilkinson and Miller, 1978; Cullinmore et al., 1990; Tucker et al., 
1990; Berndt and Vargas Jr., 1992). It is therefore of practical importance to know if 
application of soil inorganic amendments on an undulated golf green as topdressing can 
control the dry patch or black layer problems. 
Although most producers of inorganic soil amendments give a recommendation on 
the amount of the application rate, it is not clear what is the optimum amount of inorganic 
amendments that should be used before benefits are noticeable. There is not enough 
information about whether the inorganic soil amendments should be used as root-zone 
mixtures or as top dressing. In addition, given the different particle size ranges of different 
inorganic amendments, it is naturally asked which sand particle size distribution will have the 
most effect results from the modification by inorganic soil amendments. 
The practice of building golf greens and other sports fields with high a percentage of 
sand introduces an inherent problem of low CEC and high rate of water percolation. As a 
result, chemicals are easily leached through the sand profile into ground water. Inorganic 
amendments have been used to reduce the leaching and water contamination in golf course 
and sports fields. Huang and Petrovic (1994) reported that Zeolite reduced nitrogen leaching 
when it is used in sand mixtures compared with unamended sand. Bowman et al. (1999) 
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reported that Ecolite and Profile were very efficient at retarding ammonium leaching. Sartain 
and Gooding (2000) states that root-zone amendments and slow-release fertilizers can reduce 
nitrogen leaching from a new green. Herbicides and fungicides retention were also evaluated 
in a broad group of soil amendments (Wehtje et al., 2000). 
PLAYING SURFACE STABILITY OF SPORTS FIELD 
Sports turf is an expanding area of turfgrass science. Unlike golf courses, most of the 
sports turf fields require a more stable playing surface to support the activities of players and 
to provide protection against sports injuries. Playing surface quality is determined by both 
grass species and the characteristics of the media (Canaway and Baker, 1993). Surface 
quality is usually expressed as friction, traction, stiffness, and resilience when the interaction 
between the surface and player is the main concern. It also can be evaluated by ball bounce 
resilience, rolling resistance, and speed when information about the behavior of sport 
facilities on a playing surface is needed (Bell et al., 1985; Baker et al., 1988; Baker and 
Canaway, 1993; McClements and Baker, 1994; Holmes, 1994; Baker et al., 1998). The 
safety of players is the most important consideration when constructing and evaluating a 
sports field. Many sports injuries are related to surface stability (Valiant, 1988; Powell and 
Schoolman, 1993; Waddington and McNitt, 1995; Sifers and Beard, 1996). 
Factors Affecting the Playing Surface Stability of Sports Field 
Many athletic fields have adapted a sand-based root zone system to avoid over 
compaction and poor drainage. However, sand-based root zone media may sometimes shift 
or deform when grasses are not well established or when the sand is exposed because of turf 
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damage (Christians, 1998). A shifting surface is unacceptable because of its affect on player 
safety (Powell and Schootman, 1993). Several studies have been conducted on the wear 
resistance of turfgrass species (Canaway, 1983; Schulz, 1984; Evans, 1988; Cockerham et 
al., 1989) and on the stabilization of root zones by artificial materials (Dury, 1986; Gibbs, 
1990; Baker, 1997; Eldridge and Henderson, 2000). 
Research on the roles of inherent properties of sand in playing surface stability has 
been limited to particle-size distribution (Ferguson, 1955; Bingaman and Kohnke, 1970; 
Adams et al., 1971, Baker et al., 1988; Whitmyer and Blake, 1989) and compressibility 
(Kezdi, 1979; Waddington, 1992). There are many ways to describe particle size 
distribution. Effective size (D10) is the diameter when 10% of the particles passed through in 
a particle-size distribution curve. It is a good estimate of the hydraulic conductivity and 
drainage. Coefficient of Uniformity (CU) is defined as D^/D^, and is widely used in turf 
area construction. Gradation index (D90/D10), coefficient of gradation (D302/D60D10), and 
sorting coefficient (D-^s/D^)"2, are used in engineering and geological work, respectively, to 
evaluate ground stability (Das, 1998). There is a need to determine which index works best 
for the evaluation of surface stability of sports field. There is a recommended upper limit of 
CU in the USGA specification. In the case of sports fields, a dilemma situation arises when a 
higher CU is needed for surface stability and lower CU for good drainage. 
Soils having a high CU (well graded) value are more easily compacted than those 
with lower CUs (more uniform soils). There are others convinced that media with lower CUs 
are more easily compacted because the theoretical lowest porosity is easier to attain due to 
the mobility of the round sphere-like grains. Kabai (1972) studied the relationship between 
particle size distribution, water content and compactibility. He was able to hold the d^, d10, 
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and CU, constant to investigate the compatibility and optimum water content. The results 
showed that the better graded the soil, the more stable is the media. 
In compaction, particles pack closely as a result of the reduction in air voids. When 
soil is compacted at increasing water content within a container with a given amount of work, 
the dry bulk density will increase to a maximum and then fall. When the soil is dry, the 
friction between the particles will prevent the particles from sliding over each other thus 
limiting the decrease of volume. When the water content is increased the surface of the 
particles are lubricated which aids the rearrangement of the particles to fill most of the voids 
until further adding of water fills the voids and prohibits further compaction (Hammond, 
1961). The geochemical definition of soil structure is the geometric arrangement of soil 
particles with respect to one another. Structures are usually classified into two groups, 
cohesionless and cohesive (Das, 1998). Cohesive characteristics exist in fine soil particles 
like silt and clay and water films are important linkages of such particles. Two types of 
forces are usually involved. One cohesive force arrives from the surface tension at the 
air/water interfaces within the soil structure. The other is due to the interaction between the 
particles or between the particles and molecules of water (Hammond, 1961). When dealing 
with cohesive forces from surface tension, either the Haines theory (Haines, 1925) or the 
Nicholas formula is used. The former is based on ideal sphere assumption while the latter 
considers clay particles as flat plates (Hammond, 1961). 
For dry soil, the shear stress can be expressed by the Mohr-Coulomb equation: 
Tz= C+crtan<I>, [1] 
where Tf is the shear stress, C is the cohesion, CT is the normal stress, and <& is the angle of 
internal friction (Das, 1998). For a soil material free of silt and clay, the resulting sand is 
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considered to be noncohesive (C = 0). Therefore, the shear stress of this material is decided 
by 0. Furthermore, it is assumed that <£> equals the angle at repose (Morris, 1959), and has 
been used to evaluate the bulk characteristics of sand (Puri and Mancino, 2000). 
In sport field management, especially when rainfall exceeds évapotranspiration, the 
water table has been used as a guide to select proper root-zone bulk density by changing the 
combination of sand and organic materials based on the compactibility and water content 
relationship of soils (Boekel, 1980; Van Wijk and Beuving, 1980). Dury and Craggs (1997) 
concluded that the playing surface stability of a sports field is affected by the size, shape, and 
particle-size distribution of the media from the measurement of the ball bounce ratio. Based 
on this theory, they developed an envelope system that consists of a layer of specially 
selected sand or stone wrapped in a strong but highly porous membrane. However, the 
stability problem of a natural turf media remains to be solved. 
Evaluation of Sand Shape and Roundness 
Although sand shape and roundness have been speculated to be important for the 
surface stability of sand-based sports fields (Adams et al., 1971), their roles relative to other 
factors still are not clearly understood because of the technical difficulties involved in 
quantitatively assessing the shape and roundness factors. A visual chart for evaluation of 
sand shape and roundness that is subjective and qualitative is provided in the USGA 
specifications (Hummel, 1993). However, representative sand samples and well trained eyes 
are needed to use this chart. 
Shape and roundness of sand grains have been investigated in many scientific areas 
such as sedimentology, geology, geophysics, and engineering. No single index meets the 
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needs of all these disciplines. Wadell (1932) defined the degree of true sphericity of a 
particle as the ratio of the surface of an equivalent sphere to the actual surface area of the 
particle. He also defined the total roundness of a solid in one plane as the arithmetic mean of 
the roundness of the individual corners in that plane. In this sense, sphericity describes the 
shape and roundness describes the detailed contour characteristics. The image of a solid is a 
combination of both shape and roundness. In a further study, Wadell (1934) calculated the 
shape and roundness indices of quartz particles from the measurement of the two-
dimensional images generated from microscopic photographs. Lees (1963) indicated that 
Wadell's (1934) two-dimensional method is insufficient for shape analysis of particles 
produced by crushing, which usually leads to a lower flatness ratio. He also pointed out that 
the roundness definition suggested by Wadell neglected the differences of roundness caused 
by the corners that have radii greater than that of the maximum inscribed circle and failed to 
take into account the true angular corners, which is nil irrespective of the size of the angle. 
In lieu of mean roundness, Lees (1963) suggested the use of the sum of the angularity valuers. 
The formula he suggested includes acuteness, relative projection, and total numbers of the 
angles. From the calculated values, he constructed a chart to assist rapid visual estimation of 
shape and roundness. 
Ehrlich and Weinberg (1970) used Fourier series expansion of the radius for the 
coordinates of peripheral points about the center of mass to quantitatively express the grain 
shape and roundness information. This Fourier series expansion has basically the same 
information as a two-dimensional digital image would. With advances of computer 
technology, more models have been suggested to describe grain shape and roundness through 
digitized data analysis (Medalia, 1970; Tsubaki et al., 1975; Russ, 1995). Semi-automated, 
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three-dimensional measurement of the shape and roundness using a laser interferometer and 
computer processor was reported by Klingsporn (1979). 
Although various authors have defined the sphericity and roundness indices 
differently, it is generally agreed that sphericity and roundness express the particle outline 
and detailed features, respectively, and that the two factors can actually be combined into a 
single index. In practice, however, either the computer-assisted two-dimensional analysis or 
a visual chart is used to evaluate the grain shape and roundness. An example of the latter is 
shown in the USGA specification for golf green root zone construction, where a visual chart 
is used to assign qualitatively a category of sphericity and roundness to the sand grains 
(Hummel, 1993). The difficulty of describing sphericity index using surface area as 
suggested by Wadell (1932) lies in the fact that conventional methods are not sensitive 
enough for measuring sand surface area. By these methods, the adsorption of nitrogen gas 
(N2) is fitted to the Brunauer-Emmett-Te11er (BET) equation, or the weight increase of a 
monolayer of ethylene glycol mono ether (EGME) as adsorbed to the surface is determined 
to calculate the specific surface area (Jury et al., 1991). These small weight increases are 
often beyond the sensitivity range of most balances. 
Ideally, shape and roundness indices, which are designed to predict the surface 
stability of sand-based media, should reflect the three-dimensional information of the sand 
grains and should be sensitive and convenient to use. Because stability is a population effect, 
such an index also should be able to represent a large population of sand particles. 
Furthermore, sand particles should be able to interlock or compress through large contacted 
areas to form a stable surface. Thus the surface area should be included in the index. With 
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those considerations in mind, we proposed a roughness index (Ir) to evaluate sand shape and 
roundness: 
Ir = S/Ssphcre, [2] 
where S is the measured surface of the sand particle and Sspherc is the surface area of the 
particle if it is an equivalent sphere of the same volume. 
In order to measure the surface, we developed a dye method that involves coating the 
sand surface with dye and measuring the dye solution that is washed off the sand surface with 
a spectrophotometer. According to Lambert-Beer law, if we use a dye with high molar 
extinction coefficient, we can greatly increase the sensitivity in measuring the dye adsorbed 
by the sand surface. 
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CHAPTER 2. INORGANIC SOIL AMENDMENT EFFECTS ON SAND-BASED 
SPORTS TURF MEDIA 
A paper published in Crop Sci. 40:1121-1125 (2000) 
Deying Li, Young K. Joo, Nick E. Christians, and David D. Minner 
ABSTRACT 
Inorganic soil amendments have been suggested for use in turf to alleviate soil 
compaction, increase water retention and hydraulic conductivity, and improve many other 
soil physical properties. The objectives of this study were to determine the effects of 
ceramic, porous ceramic clay (PCC), calcined diatomaceous earth (CDE), and polymer 
coated clay (PC) on the physical characteristics of sand-based media and to determine the 
effects of these amendments on bulk density following freeze-and-thaw treatments. 
Inorganic materials were added to a sand-based golf green at 10% on a volumetric basis 
during construction in 1996. Data collected from the field included saturated hydraulic 
conductivity (K^J, water retention, water release curves, bulk density and total porosity on 
compacted samples collected at construction, and undisturbed samples collected from the 
treated plots 1 and 2 yr after establishment. The PCC treatment had an 8 and 7% higher 
cation exchange capacity (CEC) than the control in 1997 and 1998, respectively. The PCC 
increased the by 26 and 20% in the compacted and undisturbed samples, respectively, in 
Dept. Horticulture, Iowa State Univ., Ames, IA 50011-1100. Contributed as Journal Paper 
No. J-18560 of the Iowa Agric. and Home Econ. Exp. Stn.; Project No. 3601, and supported 
by Hatch Act and State of Iowa funds. Received 13 Sept. 1999. 
Corresponding author (nchris@iastate.edu). 
Abbreviations: CDE, calcined diatomaceous earth; CEC, cation exchange capacity; CU, 
coefficient of uniformity; Ksat, saturated hydraulic conductivity; PC, polymer coated clay; 
PCC, porous ceramic clay; USGA, United States Golf Association. 
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1998. The CDE increased water retention by 13% in both compacted and undisturbed 
samples. Saturated hydraulic conductivity of the sand-inorganic mixtures decreased over the 
2 yr, although some increases in K^, were observed each spring. The K^, of plots receiving 
all inorganic amendments was reduced by 75% in November of 1998. The K^, values in the 
spring of 1999 increased from the low levels of 1998 by 19% (PC), 44% (control), 59% 
(ceramic), 72% (PCC), and 82% (CDE). The changes of over the winter may have been 
induced by freezing and. thawing. These changes may not necessarily be caused by total 
porosity increases, instead they may be caused by increases in macropores. This hypothesis 
was further tested in the laboratory in a freeze-and-thaw study conducted in 1999. The PC, 
control, CDE and PCC decreased bulk density by 10.7, 7.2, 2.5, and 2.2%, respectively, 
following a freeze-and-thaw cycle. 
Soil conditioners are substances that improve the physical properties of soils and 
promote plant growth (Wallace and Terry, 1998). Soil conditioners have been used 
extensively in agriculture since the early 1950s (De Boodt, 1972). For golf course putting 
greens, topsoil often is removed from the site and replaced with sand-based media in order to 
prevent compaction and improve drainage. Sand-based media have a lower water and 
nutrient holding capacity than most clay and loam soils. Many inorganic amendments have 
been suggested for use in these sandy soils to increase plant available water and to improve 
CEC, while maintaining high drainage and aeration properties. Several soil amendments, 
including calcined clay, diatomite, expanded shale, perlite, pumice, sintered fly ash, slag, and 
vermiculite have been suggested for use in sand-based turf growing media (Carrow, 1993). 
So far, research on the impact of inorganic amendments on soil physical properties has been 
limited to clinoptilolite zeolite (Ferguson et al., 1986; Huang and Petrovic., 1995) and 
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calcined clay (Beard, 1973; Waddington et al., 1974). McCoy and Stehouwer (1998) also 
investigated the water and nutrient retention properties of CDE and PCC in a laboratory 
study. Little field information has been collected to compare the effects of most inorganic 
soil amendments on the soil physical properties of a sand-based golf putting green. The 
objectives of this study, therefore, were to investigate the effects of four inorganic soil 
amendments, ceramic, PCC, CDE, and PC, on the soil physical parameters of sand-based 
media and to determine the effects of these amendments on bulk density following freeze-
thaw treatments. 
MATERIALS AND METHODS 
A sand-based golf course green was constructed at the Iowa State University 
horticulture research station in Ames, IA in the summer of 1996. A network of 10 cm diam. 
drain lines was trenched into the subsoil at 4.6 m intervals. The sand had a coefficient of 
uniformity (CU) of 1.7, with 0.2% in the 1- to 2- mm particle-size range; 1.8% in the 0.5- to 
1-mm particle-size range; 18.7% in the 0.25- to 0.5-mm particle-size range; 55.3% in the 
0.15- to 0.25-mm particle-size range; 19.7% in the 0.1- to 0.15-mm particle-size range; 3.2% 
in the 0.05- to 0.1-mm particle-size range; and 1.1% in the < 0.05-mm particle-size range. 
The green consisted of a 30-cm sand root zone placed over a 10-cm deep gravel blanket. No 
intermediate layer was used between the sand and gravel. The treatment included the 
following inorganic amendments: porous ceramic clay (PCC) (Profile, Profile Products LLC, 
Buffalo Grove, IL.); calcined diatomaceous earth (CDE) (Axis, Eagle-Picher Minerals, Inc., 
Reno, NV); ceramic (Bio-ceramic, Korea); and polymer coated clay with a kelp material 
incorporated on the exterior of the polymer coating (PC) (Bio-Flex, True Pitch, Altoona, IA) 
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(Table 1). The top 15 cm of sand from each plot was removed and combined with 5% (v/v) 
peat (Dakota Peat and Blenders, Grand Forks, ND). This low level of peat was used so that 
the organic matter (OM) would not mask the effects of inorganic amendment therefore 
facilitating evaluation of the inorganic materials. The field study consisted of a control with 
peat only and the four soil amendment treatments added at 10% (v/v). The mixture was 
replaced on the plot area and allowed to settle during the winter. Treatments were replicated 
three times in a randomized complete block design resulting in 15 plots as experimental units 
each measuring 5 nr. The area was seeded with 73 kg ha"1 of 'Crenshaw' creeping bentgrass 
on 13 May 1997. Fertilizer was applied at seeding to supply 50, 90 and 80 kg ha"1 of N, P 
and K, respectively. 
Samples from each treatment were collected at construction and stored in plastic bags 
to prevent drying. The amount of media needed for each test was calculated from the 
desired bulk density, the known volume of the cylinders and the water content determined by 
oven-drying. Each sample was put into a cylinder that had a double layer of cheesecloth 
attached at the bottomand another cylinder attached at the top. The media were compacted 
by 15 drops of a 1.36-kg hammer from a height of 30 cm (Hummel, 1993). The compaction 
tests, conducted to evaluate base-line soil physical properties, were replicated 3 times. Soil 
samples from the green were collected for chemical testing in November 1997 and 1998. 
The samples were submitted to Harris Laboratory of Lincoln, NE, and analyses of CEC, pH, 
OM, N03-N, P, K, Ca, Mg, S, Zn, Mn, Cu, Fe, and B were conducted. Laboratory methods 
included: soil pH (1:1 water/soil ratio); organic matter (by Ioss-on-ignition); Ca, Mg, K, and 
Na extracted by a modified ammonium acetate method; Zn, Mn, Cu and Fe extracted by a 
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Table 1. Physical and chemical properties of the inorganic amendments used in the golf 
green media. 
Inorganic Amendment 
Property Ceramicf PCC* CDE5 PC1 
Gravel(>2 mm, g kg"1) 0.0 0.0 0.0 46.0 
Very coarse sand (1.0-2.0 mm, g kg" •) 441.0 1.0 448.0 137.0 
Coarse sand (0.5-1.0 mm, g kg"1) 376.0 520.0 416.0 522.0 
Medium sand (0.25-0.5 mm, g kg"1) 92.0 466.0 127.0 289.0 
Fine sand (0.15-0.25 mm, g kg"1) 32.0 12.0 1.0 28.0 
Very fine sand (0.05-0.15 mm, g kg" 1) 43.0 1.0 1.0 12.0 
Silt (0.05-0.02 mm, g kg"1) 18.0 0.0 1.0 3.0 
Particle density (g cm"3) 2.6 2.5 2.2 2.5 
CEC (cmolc kg"1) 30.7 33.6 27.0 22.4 
pH (1:1 water to material) 7.0 6.3 7.0 6.4 
f Ceramic. 
± PCC, porous ceramic clay. 
§ CDE, calcined diatomaceous earth. 
f PC, polymer coated clay with a kelp material incorporated on the exterior of the polymer 
coating. 
# CEC, cation-exchange capacity. 
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modified diethylenetriaminepentaacetic acid method; P was extracted by Bray I; S and B 
were determined by inductively coupled plasma spectroscopy; and N03 by the Cd reduction 
method. Two, undisturbed soil columns measuring 5.2 cm in diam. and 6.1 cm long also 
were collected from the top 10 cm of each plot in November 1997 and 1998. Saturated 
hydraulic conductivity at 34 cm constant water head, water retention at -4 kPa water 
potential, and soil bulk density were determined for undisturbed field samples and compacted 
samples as described by Klute and Dirksen (1986). The Ksat data were converted to values at 
20°C before statistical analysis. Water release curves were determined by the pressure plate 
method using the drying process described by Klute ( 1986). 
In April 1999, two undisturbed soil samples measuring 5.2 cm in diam. and 6.1 cm 
long also were collected from each plot to test the effect that winter freezing and spring 
thawing had on saturated hydraulic conductivity and bulk density. Freeze and thaw effects 
were further evaluated in the laboratory by mixing 15% of each inorganic amendment with 
85% (v/v) of the same sand used in the field test. The pure sand was mixed with 5% peat by 
volume and was used as one control. In addition, pure sand was used as another control. 
Three replicated samples from each inorganic amendment treatment and the control then 
were compacted in brass tubes measuring 5.2 cm in diam. and 6.1 cm long as described 
above (Hummel, 1993). The volume of each sample was recorded after compaction by 
measuring the distance from the surface of the sample to the top edge of the cylinder. These 
samples were saturated from the bottom for 24 h and put in a freezer at -15 °C for 2 d. The 
soil columns then were thawed and oven dried at 105 °C for 24 h. The volume change was 
recorded as earlier described and bulk density was calculated for each sample. 
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RESULTS AND DISCUSSION 
The field plots modified with PCC had an 8 and 7% higher CEC than the control in 
1997 and 1998, respectively (Table 2). The higher CEC in the medium containing PCC 
resulted in a 100% increase in exchangeable K and a nearly 30% increase in exchangeable 
Mg, but a 4% decrease in exchangeable Ca (Table 2). McCoy and Stehouwer (1998) also 
reported that PCC had a very high selective K retention with a subsequent reduction in 
exchangeable Ca. None of the other materials consistently affected the availability of these 
cations in the sand medium. 
The PC reduced by 13% (5.2 cm hr"1) in the undisturbed media in 1997 and by 
19% (6.4 cm hr"1) in the compacted samples (Table 3). However, the PCC had no effect on 
Ksat in 1997 and it increased by 26% (6.8 cm h"1) and 20% (2.6 cm h"1) in the compacted 
and undisturbed samples, respectively, in 1998. This increase in K^, was probably due to 
lower bulk density and higher porosity of the sand and PCC mix (Table 3). In McCoy and 
Stehouwer's (1998) study, the sand mixture with PCC had a lower Ksa[ than sand mixed with 
CDE. This may be due to the fact that in McCoy and Stehouwer's (1998) study, 
staticpressure was used to compress the soil samples, whereas in this study the USGA 
procedure was used for compaction. 
The water release curves of the undisturbed samples were similar during the drying 
process (Fig. 1). At a water potential of —4 kPa, sand modified with PCC and CDE had 13 
and 20% greater water retention than the control in 1997 and 1998, respectively (Table 3). 
Water retention of the sand amended with ceramic and PC was not different from the control. 
Water retention in compacted and undisturbed samples was highly correlated (r = 0.97 ). 
Table 2. Soil test results for 1997 and 1998 of a sand-based golf green amended with 5% peat and 
10% inorganic soil amendments on a volumetric basis with a control containing 5% peat only. 
Treatment CEC' pH OM1 No,-N P K Mg Ca S Zn 
1997 1998 1997 1998 1997 1998 1997 1998 1997 1998 1997 1998 1997 1998 1997 1998 1997 1998 1997 1998 
—cmol, kg'1 -- "*'6 *5 
Control 8.8 8.3 8.3 8.3 4 5 1 1.3 7.7 3.0 25 25 103 80 1551 I486 1.7 1.0 0.9 0.8 
Ceramic" 9.2 8.1 8.3 8.3 4 5 1 2.3 6.3 4.0 27 25 114 78 1625 1454 1.0 1.0 1.4 0.9 
PCC" 9.5 8.9 8.2 8.2 4 5 1 1.3 7.7 4,3 51 49 145 114 1604 1534 1.3 1.0 0.9 0.7 
CDE" 8.8 8.1 8.3 8.3 4 4 1 1.3 8.7 4.7 25 25 105 73 1548 1478 1.7 1.0 0.7 0.7 
PC11 8.0 7.8 8.3 8.2 5 6 1 1.7 7.3 3.0 24 22 108 79 1394 1414 2.7 1.7 1.2 0.9 
LSD ooi 0.4 0.6 NS NS NS NS NS NS NS NS 8 4 14 12 49 NS NS 0.5 NS NS 
Mn Cu Fe B AKf AMg1 ACa" 
1997 1998 1997 1998 1997 1998 1997 1998 1997 1998 1997 1998 1997 1998 
mg kg '- % base saturation 
Control 3.1 2.8 0.5 0.6 11.9 6.57 0.3 0.3 0.7 0.8 9.8 8.1 88,7 90.1 
Ceramic 3.6 2.8 2.1 0.9 15.5 6.57 0.3 0.3 0.8 0.8 10.3 8.0 88.1 90.2 
PCC 2.9 2.5 0.9 0.6 17.3 7.87 0.3 0.3 1.4 1.4 12.8 10.8 84,9 86.9 
CDE 3.3 2.5 0.4 0.7 15.3 7.23 0.3 0.3 0.7 0.8 10.0 7.5 88.4 90.8 
PC 3.3 2.9 0.9 0.7 11.9 6.13 0.3 0.3 0.8 0.7 11.3 8.3 87.2 90.0 
LSDQQS NS 0.3 NS NS NS NS NS NS 0.2 0.2 1.2 0.7 1.3 0.8 
oo 
t CEC, cation-exchange capacity. 
j OM, organic matter. 
§ AK, actual potassium. 
Ï AMg, actual magnesium. 
# ACa, actual calcium. 
tt Ceramic. 
tt PCC, porous ceramic clay. 
§§ CDE, calcined diatomaceous earth. 
HH PC, polymer coated clay with a kelp material incorporated on the exterior of the polymer coating. 
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Therefore, compacted laboratory samples could potentially be used to predict available water 
for plant use. Our study tested the water content up to -0.2 MPa. Further testing at —1.5 MPa 
(permanent wilting point ) is needed to determine if these amendments retain plant-available 
water. Both PCC and CDE decreased bulk density by 7.6% when compared with the control. 
The PCC and CDE both increased the total porosity of the green mix. As water pressure 
becomes more negative, sand modified with PCC released more water than that modified 
with CDE (Fig. 1), suggesting that CDE has more internal micro porosity than PCC. Our 
results were similar to those reported by McCoy and Stehouwer (1998). Only PCC increased 
both and water retention. Macropores are more responsible for hydraulic conductivity, 
whereas micropores are more responsible for water retention (Rowell, 1994). Hence, PCC 
probably provided for a more favorable ratio of macropores and micropores. The ratios were 
3.77 and 3.63 for PCC and CDE, respectively. These ratios were calculated by dividing 
saturated water content by water content, where significant differences existed at —8 kPa. 
The Ksat of all treatments was reduced by almost 75% in November 1998, compared 
with the same time in 1997. The mechanism of this decrease is unknown. One possible 
cause may have been compaction occurring as a result of normal management practices (i.e. 
mowing and irrigation) as evidenced by the increase in bulk density (Table 3). However, 
undisturbed soil samples collected in April 1999 had an increase of of 19.2% (PC), 
43.5% (control), 58.6% (ceramic), 72.1% (PCC), and 81.7% (CDE), when compared with 
Ksat values in November 1998. This means that although K*,, generally decreased over the 2-
yr study period, there may be a temporary increase in the spring. Such changes may have 
been induced by the effects of freezing-thawing on the bulk density and porosity of the media 
during the winter. However, the increase in was not in proportion to total porosity 
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increases, suggesting that the inorganic amendments vary in their impact on the micropores 
and macropores of the sand mixture (Table 4). 
The bulk density of the sand mixtures with PC, 5% peat control, CDE and PCC 
decreased by 10.7, 7.2, 2.5, and 2.2%, respectively, by freezing and thawing (Fig. 2). The 
decrease of bulk density caused by freezing and thawing was negligible in the mixture of the 
pure sand control and the sand-ceramic mixture. These lab results agree with field data 
collected in November 1998 and April 1999 (Table 4). Based on their swelling properties 
during freezing and thawing, the sand-amendment mixtures could be classified into three 
groups as follows: those that did not change in bulk density (ceramic and pure sand); those 
that decreased greatly in bulk density (PC and sand-5% peat); and an intermediate group 
(PCC and CDE) in which bulk density was decreased slightly. 
CONCLUSION 
The four inorganic soil conditioners used in this study had different impacts on the 
CEC and hydraulic properties of the sand. The PCC increased both the saturated hydraulic 
conductivity and the amount of available water in the sand-peat media. The sand-peat media 
mixed with PC had both lower saturated hydraulic conductivity and water retention. The 
results from field samples were similar to those from the samples collected at construction 
and tested in the laboratory. The stability of hydraulic properties also was different among 
the inorganic soil amendments during the study. Saturated hydraulic conductivity in 1998 
decreased by almost 75% from the value of the first year. Winter freezing and spring 
thawing play a very important role in alleviating soil compaction by decreasing the soil bulk 
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Table 3. Physical characteristics of a sand-based golf green amended with 5% peat and 10% 
inorganic soil amendments on a volumetric basis with the control containing 5% peat only. 
Samples from each treatment were collected at construction and were compacted. 
Undisturbed soil columns were collected from each plot in November 1997 and 1998. 
Undisturbed Compacted 
K_' DJ P,' K_ W_ Dh P, 
Treatment 1997 1998 1997 1998 1997 1998 1997 1998 
—cmh"'— —g kg'— —gem'3— cm h ' g kg"1 gem"3 
Control 45.7 10.0 241 182 1.49 1.57 0.44 0.41 33.9 219 1.49 0.44 
Ceramic# 43.9 10.6 237 194 1.51 1.53 0.43 0.42 37.7 209 1.51 0.43 
PCC" 46.8 12.6 272 219 1.43 1.45 0.46 0.45 40.7 235 1.43 0.46 
CDE* 44.5 10.9 273 219 1.43 1.45 0.46 0.45 33.4 249 1.43 0.46 
PC" 39.5 9.9 236 196 1.53 1.58 0.42 0.40 27.5 203 1.53 0.42 
LSD005 3.8 1.4 12 17 0.05 0.05 0.02 0.02 3.5 22 « n 
t Ksat, saturated hydraulic conductivity. 
t W„, water retention at -4kPa water potential. 
§ Db.soii dry bulk density. 
I P„ total porosity. 
# Ceramic. 
tt PCC, porous ceramic clay. 
tt CDE, calcined diatomaceous earth. 
§§ PC, polymer coated clay with a kelp material incorporated on the exterior of the polymer coating. 
II No statistical analysis because the errors of compacted samples are not from treatment. 
42 
0 
G 
S 
c 
o 0 
1 5 2 o 
'5 
g 5 
2 0 
O „ 
~rr 
Peat control 
Ceramic 
PCC LSDo.os=4.58 
=2.40 
LSDo.os=2.40 
1 0  
Water potential (-kPa) 
100 1000 
Figure 1. Water release curve of sand-based golf green amended with 5% peat and 10% 
inorganic soil amendments on a volumetric basis with a control containing 5% peat only. 
Undisturbed soil columns were collected from each plot in November 1998. 
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Table 4. Saturated hydraulic conductivity changes for the winter of 1998 in response 
to changes in bulk density and porosity of a sand-based golf green amended with 5% peat 
and 10% inorganic soil amendments on a volumetric basis with the control containing 5% 
peat only. Undisturbed soil columns were collected from each plot in November 1998 and 
April 1999. 
Bulk density Porosity K_ 
Treatments Nov. 1998 Apr. 1999 % Change Nov. 1998 Apr. 1999 % Change Nov. 1998 Apr. 1999 K_ Change 
g cm'3 - cm h ' 
Control 1.57 1.55 -1.3 0.41 0.44 7.31 10.00 14.35 4.35 
Ceramic' 1.53 1.53 0.0 0.42 0.43 2.38 10.60 16.81 6.21 
PCC: 1.54 1.46 -5.2 0.45 0.46 0.22 12.60 21.68 9.08 
CDE® 1.45 1.42 -2.1 0.45 0.47 0.44 10.90 19.80 8.90 
PC 1.58 1.53 -3.2 0.40 0.40 0.00 9.90 11.80 1.90 
LSDQ.05 0.05 0.05 NS 0.05 0.05 NS 1.4 1.2 4.04 
t Ceramic. 
X PCC, porous ceramic clay. 
§ CDE, calcined diatomaceous earth. 
H PC. polymer coated clay with a kelp material incorporated on the exterior of the polymer coating. 
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Figure 2. Freeze-thaw effects on bulk density of sand amended with 15% soil amendments 
on a volumetric basis in 1999. The pure sand and sand-5% peat were used as controls. The 
soil cores were compacted according to USGA specifications, saturated from the bottom for 
24 h, frozen at -15°C for 2 d, thawed, and oven dried at 105°C. 
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density. However, decreased soil bulk density and increased total porosity is not always 
accompanied by an equivalent increase in because of variations in the macropores and 
micropores (Rowell, 1994). In general, both CDE and PCC showed positive effects on 
water-holding capacity and in a sand-based golf green. Furthermore, PCC increased the 
CEC of the media and increased K availability. 
The results presented here agree with those of McCoy and Stehouwer (1998), who 
found that PCC resulted in selective retention of K vs. Ca. Our results further indicate good 
agreement between laboratory data on compacted samples collected at construction and 
undisturbed field samples collected during the 2 yr of the study. In general, was lower 
two years after construction. However, PCC and CDE increased the Ksa[ in the spring after 
winter freezing-thawing both in field and laboratory studies. 
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CHAPTER 3. FREEZING AND THAWING EFFECTS ON SAND BASED MEDIA 
MODIFIED WITH SOIL AMENDMENTS 
A paper in press in International Turfgrass Society Research Journal Volume 9, 2001 
Deying Li, Marco Volterrani, Nick E. Christians, David D. Minner and Simone Magni 
ABSTRACT 
Many inorganic amendments have been suggested for use in sand-based systems to 
increase nutrient and water-holding capacity, but little is known about their long-term effects 
on the physical properties of the media. The objectives of this study were to investigate the 
effects of freezing and thawing on the particle integrity, soil bulk density, and saturated 
hydraulic conductivity (!<„,) of sand-based media amended with predominantly inorganic 
materials and to measure the particle stability of these sand and inorganic amendment 
mixtures when subjected to compaction. The amendments included porous ceramic clay 
(PCC); calcined diatomaceous earth (CDE); zeolite clinoptilolite; zeolite chabasite; a 
polymer-coated clay with a kelp material incorporated on the exterior of the polymer coating 
(PC); lapillus; and pumice. A mixture of 85% sand and 15% (v/v) of the soil amendments 
was prepared in the laboratory. After 20 freeze/thaw cycles, sand amended with PC had a 
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7.6% decrease in bulk density from the compacted sample. The percentage weight of 
the.finest fraction that passed through to the 0.106 mm sieve to the bottom pan increased due 
to freeze/thaw cycles in zeolite clinoptilolite and lapillus treatments compared to the sand 
control. The fine particles increased from 0.3 and 3.4% to 0.9 and 4.4%, respectively, after 
freeze/thaw for sand amended with zeolite clinoptilolite and lapillus. After 20 cycles of 
freeze/thaw, values of sand amended with PCC and CDE were 25 and 33% higher than 
the control, respectively. Twenty freeze/thaw cycles resulted in 24.7 and 16.2 cm h~l 
increases in of the sand amended with PC and CDE, respectively. The increases of Ksa[ 
by PC and CDE are likely due to their bulk density decreases. 
INTRODUCTION 
The application of soil conditioners to improve the physical attributes of agricultural 
soils has developed into an active branch of soil science since the 1950s. Significant soil 
structural improvements have been reported from the use of synthetic organic polymers, such 
as Krilium™, Bondi te™ etc. [De Boodt, 1972; C arrow, 1993]. Although these organic 
materials have not been widely used in the turfgrass industry, inorganic amendments, such as 
porous ceramic clay (PCC), calcined diatomaceous earth (CDE), and zeolite have shown 
promising results in increasing the water- and nutrient-holding capacity of sand-based media 
used in golf course greens and sports fields [Beard, 1973; Waddington et al., 1974; Ferguson 
et al., 1986; Carrow, 1993; Huang and Petrovic, 1995; McCoy and Stehouwer, 1998]. 
Information about the long-term effects of these inorganic amendments on the physical 
properties of sand-based media is not available, but is needed for predicting problems that 
might be encountered with such amendments. 
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The physical stability of these inorganic materials will likely be affected by 
weathering processes and management practices. Freezing and thawing have long been 
reported as being responsible for the breakdown of soil particles and aggregates [Pawluk, 
1988; Lehrsch et al., 1991; Hower et al., 1992]. The changes of soil texture and structure 
caused by freezing and thawing have a significant impact on soil water retention and 
drainage properties [Benoit and Bomstein, 1970]. Waddington et al. [1974] studied the water 
retention and saturated hydraulic conductivity (K^J of sand-based media amended with 
inorganic materials. Although their data showed a general decrease of values over a 9-
year period, the Ksat fluctuated annually and this may have been caused by freeze/thaw or 
cultivation practices. Li et al. [2000] investigated the and water retention properties of a 
sand-based medium amended with PCC, CDE, ceramic, and a polymer-coated clay (PC) with 
a kelp material incorporated on the exterior of the polymer coating and found that PCC 
increased by 20%. They also observed that increased following winter freezing and 
spring thawing. Little is known about the combined effects of weathering and mechanical 
compaction on the bulk density and particle-size of sand media amended with inorganic 
materials. 
The objectives of this study were to investigate the effects of freezing and thawing on 
the particle integrity, soil bulk density, and of sand-based media amended with 
predominantly inorganic materials. A second objective was to measure the particle stability 
of these sand and inorganic amendment mixtures when subjected to compaction. 
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MATERIALS AND METHODS 
A mixture of 85% sand and 15% (v/v) soil amendment was prepared in the 
laboratory. The amendments include PCC (Profile, Profile Products LLC, Buffalo Grove, 
IL.); CDE (Axis, Eagle-Picher Minerals, Inc., Reno, NV); zeolite clinoptilolite (Zeoponix, 
Inc., Louisville, CO); zeolite chabasite (Europomice, Torino, Italy); PC (Bio-Flex, True Pitch 
Inc., Altoona, IA), lapillus (Cellere, Viterbo, Italy), and pumice (Pitigliano, Grosseto, Italy). 
The treatments also included pure sand and/or sand amended with 15% (v/v) of peat (Dakota 
Peat and Blenders, Grand Forks, ND), an organic amendment, as controls. The physical 
properties of the materials are listed in Table 1. All materials, except the peat, were oven-
dried at 105 °C for 24 h and compacted at 30.3 kJ m"2 using 15 drops of the compaction 
hammer specified by United States Golf Association (USGA) [Hummel, 1993]. The peat 
was dried at 35 °C and mixed with sand the same way as mixing other amendments. The 
volumes of the various materials in the mixtures were based on compacted samples of the 
components. Three equal replications were divided from the total mix by weight. The 
bottoms of sample rings measuring 52 mm diam. and 61 mm deep were fitted with a double 
layer of cheesecloth. The soil mixtures were added to the rings and compacted according to 
USGA specification [Hummel, 1993]. The samples were then saturated from the bottom for 
24 h after compaction and subjected to 0, 5, 10, and 20 freeze/thaw cycles. Each freeze/thaw 
cycle included freezing at -15 °C for 48 h and thawing for 24 h at room temperature. 
Changes in volume after 0, 5, 10, and 20 freeze/thaw cycles were recorded by 
measuring the distance from the surface of the sample to the top edge. Bulk density was 
calculated as weight divided by the new volume. Particle-size distributions were analyzed 
after 0 and 20 freeze/thaw cycles by the hydrometer method described by Gee and Bauder 
[1986]. 
In study two, a second set of samples was prepared the same way as above and 
subjected to 0, 5, and 20 freeze/thaw cycles by the same methods. Lapillus and pumice were 
not included in this study because of material shortage. The value was measured after 0, 
5, and 20 freeze/thaw cycles using the method described by Klute and Dirksen [1986]. 
In a third study, the materials were mixed the same way as described above. The 
samples were screened through a set of standard sieves, and the fraction that passed the 1.0 
mm sieve and retained by the 0.5 mm sieve was collected for mechanical stability evaluation. 
A 10 mm thick layer of the collected material was put into a cylinder similar to those used for 
hydraulic conductivity tests except for a solid steel bottom. The samples were compacted 
with a dynamic energy of 2 kJ m"2 by dropping the hammer once. This compaction energy 
was chosen in order to break less than 1% of sand particles. Particle size distribution of the 
compacted samples was determined by dry sieving according to the standard USGA 
procedure for particle size analysis [Hummel, 1993]. 
RESULTS 
The bulk density of all sand and amendment mixtures decreased after the first 
freezing treatment. At the end of the first freeze/thaw cycle, all mixtures had decreased in 
bulk density. The bulk density of sand amended with PC decreased 15%. Where an organic 
component was present in the sand mixtures (peat and PC), there was a reduction of bulk 
density after wetting followed by an increase in bulk density with each freeze/thaw cycle. 
This increase never exceeded the initial bulk density following compaction. By the end of 20 
Table 1. Physical properties of the inorganic materials used in the freezing and thawing study. 
Property Soil amendments 
Sand Zeolite 1* Zeolite 2* PCC§ CDE1 PC" Lapillus Pumice 
Gravel (>2 mm), g kg'1 1 2 438 0 0 25 100 159 
Very coarse sand (1.0-2.0 mm),tt g kg'1 5 128 377 0 250 82 170 357 
Coarse sand (0.5-1.0 mm),ng kg'1 123 574 24 596 502 490 143 239 
Medium sand (0.25-0.5 mm),tt g kg'1 771 243 30 401 215 326 149 114 
Fine sand (0.15-0.25 mm),^ g kg'1 89 15 27 3 17 42 115 44 
Very fine sand (0.106-0.15 mm),tt g kg'1 6 12 23 0 7 10 75 22 
Silt (0.05-0.106 mm), g kg'1 4 14 33 0 9 14 134 31 
Clay (<0.05 mm), g kg"1 2 11 50 0 0 8 114 35 
pH (1:1 water/material) 6.8 7.8 8.0 6.3 7.0 6.4 7.0 6.8 
t Zeolite clinoptilolite. 
$ Zeolite chabasite. 
§ PCC, porous ceramic clay. 
1 CDE, calcined diatomaceous earth. 
# PC, polymer-coated clay with a kelp material incoiporated on the exterior of the polymer coating, 
tf Dry sieved fraction 
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freeze/thaw cycles, all the mixtures decreased in bulk density. The greatest decreases in bulk 
density occurred in sand amended with PC (7.6%) and CDE (2.8%) as compared with the 
compacted samples (Table 2). 
At the end of 20 freeze/thaw cycles, the percentage weight of the finest fraction that 
passed through to the 0.106 mm sieve increased from 0.3 to 0.9% for zeolite clinoptilolite, 
and from 3.4 to 4.4% for lapillus (Table 3). None of the other amendments showed a 
significant increase in the finest fraction after the freeze/thaw treatments compared with the 
sand control. 
The values were increased by amending the sand with PCC (54%), CDE (20%), 
and zeolite clinoptilolite (17%), whereas the values were decreased by peat (53%), zeolite 
chabasite (46%), and PC (44%) (Table 4). After 20 freeze/thaw cycles, sand amended with 
peat and PCC had similar increases in as the sand control, sand amended with zeolite 
clinoptilolite and zeolite chabasite had lower increases than the sand control, and sand 
amended with CDE and PC had higher increases than the sand control. As a result, after 20 
freeze/thaw cycles, values of sand amended with PCC, CDE and PC were 25, 33 and 
18% higher than that of the control, respectively (Table 4). 
In addition to the freezing and thawing breakdown of soil particles, management 
practices and traffic may also lead to particle degradation. In this study, dynamic compaction 
caused a breakdown of soil particles, resulting in a decrease of up to 3.3% of the particles 
that had been retained on a 0.5 mm sieve (Table 5). Lapillus amended media had the 
greatest percentage of particle breakdown. However, since mechanical breakdown is an 
accumulative effect over time, the long-term effects of this factor should be considered when 
particle stability is a concern. 
Table 2. The effect of freezing and thawing on the change in bulk density of the mixtures including 85% sand/15% 
amendment (v/v). 
Treatment Bulk density Bulk density (Bulk density change) 
After compaction Saturated Frozen 1-cycle 5-cycle 10-cycle 20-cycle 
. —-3 /nt gem' g cm \7o cnange; 
Control 1.60 1.62(1.3) 1.47 (-8.1) 1.59 (-0.7) 1.59 (-0.7) 1.59 (-0.7) 1.59 (-0.7) 
Peat 1.47 1.45 (-1.4) 1.35 (-8.4) 1.45 (-1.4) 1.45 (-1.7) 1.46 (-0.9) 1.47 (0.0) 
Zeolite l1 1.52 1.52 (0.0) 1.40 (-7.7) 1.50 (-1.0) 1.51 (-0.6) 1.50 (-1.0) 1.49 (-2.1) 
Zeolite 2* 1.55 1.54 (-0.2) 1.46 (-5.7) 1.54 (-0.6) 1.53 (-1.0) 1.53 (-1.2) 1.52 (-1.8) 
PCC8 1.46 1.45 (-0.6) 1.35 (-7.9) 1.44 (-1.4) 1.45 (-1.0) 1.45 (-0.6) 1.44 (-1.7) 
CDE1 1.45 1.45 (0.0) 1.34 (-7.6) 1.44 (-1.0) 1.43 (-1.5) 1.40 (-3.6) 1.41 (-2.8) 
PC" 1.61 1.35 (-16.1) 1.31 (-18.4) 1.36 (-15.6) 1.43 (-11.5) 1.46 (-9.5) 1.49 (-7.6) 
Lapillus 1.59 1.59 (0.0) 1.46 (-8.2) 1.55 (-2.0) 1.56 (-1.6) 1.53 (-3.4) 1.56 (-1.9) 
Pumice 1.50 1.50 (0.0) 1.38 (-7.8) 1.49 (-1.0) 1.49 (-0.8) 1.47 (-2.1) 1.48 (-1.5) 
T sn ft lc>u0.05 0.02 1.0 1.6 0.9 1.0 1.2 1.7 
t Zeolite clinoptilolite. 
$ Zeolite chabasite. 
§ PCC, porous ceramic clay. 
1 CDE, calcined diatomaceous earth. 
# PC, polymer-coated clay with a kelp material incorporated on the exterior of the polymer coating, 
ft LSD values are based on the changes in bulk density, the numbers in parentheses. 
Table 3. Freezing and thawing effects on particle integrity of the mixtures containing 85% sand/15% 
amendment (v/v). 
Sieve aperture 
mm 
1 0.5 0.25 0.15 0.106 pan 
Treatment Percentage weight retained on the sieve before freezing and thawing 
- - - % - -
Control 0.5 12.3 77.1 8.9 0.6 0.6 
Peat 0.8 13.2 75.6 8.3 0.8 1.3 
Zeolitel* 1.9 18.5 71.7 7.2 0.4 0.3 
Zeolite!* 7.3 12.2 70.9 7.5 0.7 1.4 
PCC5 0.5 15.5 74.6 8.2 0.6 0.7 
CDE1 1.4 13.6 74.8 8.9 0.7 0.6 
PC" 1.8 16.6 71.2 8.7 0.8 0,9 
Lapillus 3.5 13.0 69.7 8.8 1.6 3.4 
Pumice 3.7 14.9 72.5 7.2 0.6 1.0 
Percentage weight retained after 20 cycles of freezing and thawing 
% 
Control 0.4 (-0.1)" 12.7(0.4) 77.8 ( 0.6) 7.8 (-1.1) 0.6 ( 0.0) 0.6(0.0) 
Peat 0.6 (-0.2) 12.3 (-0.9) 76.9 ( 1.3) 8.1 (-0.2) 0.9(0.1) 1.2 (-0.1) 
Zeolite 1 1.8 (-0.1) 18.5(0.0) 70.4 (-1.3) 7.6 ( 0.4) 0.7 ( 0.3) 0.9 ( 0.6) 
Zeolite 2 6.2 (-1.1) 12.2(0.0) 71.5(0.6) 7.7 ( 0.2) 0.8(0.1) 1.6(0.2) 
PCC 0.5 ( 0.0) 18.5(3.0) 73.1 (-1.5) 7.0 (-1.2) 0.5 (-0.1) 0.4 (-0.3) 
CDE 1.7(0.3) 14.7 ( 1.1) 74.7 (-0.1) 7.8 (-1.1) 0.6 (-0.1) 0.5 (-0.1) 
PC 1.8(0.0) 18.6(2.0) 71.0 (-0.2) 7.4 (-1.3) 0.6 (-0.2) 0.6 (-0.3) 
Lapillus 3.7 ( 0.2) 12.4 (-0.6) 68.6 (-1.1) 9.1 (0.3) 1.8(0.2) 4,4 ( 1.0) 
Pumice 3.3 (-0.4) 14.1 (-0.8) 72.5 ( 0.0) 7.9 ( 0.7) 0.8 ( 0.2) 1.4(0.4) 
LSD004* 0.4 1.3 NS 1.0 0.2 0.5 
t Zeolite clinoptilolite. 
$ Zeolite chabasite. 
§ PCC, porous ceramic clay. 
H CDE, calcined diatomaceous earth. 
# PC, polymer-coated clay with a kelp material incorporated on the exterior of the polymer coating, 
tt The values in parentheses are the percentage of change, 
# LSD values are based on the changes in bulk density, the numbers in parentheses. 
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Table 4. Changes in saturated hydraulic conductivity (K^J caused by 
freezing and thawing of the mixtures containing 85% sand/15% 
amendment (v/v). 
Treatment K^f Ksa[ change 
O-cycle 5-cycle 20-cycle 
cm h"1 
Control 20.1 21.9 30.3 10.2 
Peat 9.5 13.9 19.2 9.7 
Zeolite 1* 23.6 21.7 26.2 2.6 
Zeolite 2§ 11.0 12.4 15.9 4.9 
PCC1 31.7 36.2 38.0 6.4 
CDE# 24.2 25.3 40.4 16.2 
PCtf 11.2 16.9 35.9 24.7 
LSDQ.05 1.2 3.4 5.9 5.3 
t Kj,,, saturated hydraulic conductivity. 
± Zeolite clinoptilolite. 
§ Zeolite chabasite. 
1 PCC, porous ceramic clay. 
# CDE, calcined diatomaceous earth. 
tt PC, polymer-coated clay with a kelp material incorporated on the exterior of the polymer 
coating. 
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DISCUSSION 
The greatest bulk density changes occurred after the first freeze/thaw cycle. This 
change may not be the direct result of wetting, except in the case of PC and peat amended 
media which showed an immediate decrease in bulk density after saturation. In a freeze/thaw 
study involving only pure amendments, PC showed a 40% decrease in bulk density after 20 
freeze/thaw cycles (data not included), indicating that this material has a great capacity for 
swelling during freezing. Further study is needed to separate the wetting and freeze/thaw 
effects by measuring the impact of wetting at each freeze/thaw cycle and comparing the 
results to those obtained with dry media. 
The fact that sand amended with zeolite cinoptilolite and zeolite chabasite had less 
effect on Ksa[ after 20 freeze/thaw cycles compared with sand control may be explained by 
the increase in fine particles passing through the 0.106 mm sieve. These two materials also 
had less effect on bulk density after 20 freeze/thaw cycles. Peat amended media had neither 
high particle degradation nor large decreases in bulk density and therefore had similar Ksat 
values to those of the sand control (Table 2, 3 and 4). 
Particle-size changes in other sieve sizes should also be considered in understanding 
the effects of freezing and thawing on K^,, because changes in particle-size distribution may 
cause changes in compressibility. A single mechanical compaction did not cause significant 
changes in particle size tested in this study. However, subsequent re-compaction may play a 
role in physical changes. Changes in particle-size distribution due to freezing and thawing 
have been reported by Hower et al. [1992] for oil shale. Li et al. [2000] reported that Ksat 
increased by PC (19%), peat/sand [5% (v/v)](44%), PCC(72%), and CDE(82%) following 
winter freezing in the field. Different results were observed in this study, where PC-amended 
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Table 5. Particle-size distribution caused by mechanical compaction in the mixtures 
containing 85% sand/15% amendment (v/v) that passed a 1 mm sieve and was retained on a 
0.5 mm sieve. 
Treatment Sieve aperture 
mm 
0.5 0.25 0.15 0.106 0.053 Pan 
Percentage weight retained 
% 
Sand control 99.1 0.7 0.2 0.0 0.0 0.0 
Zeolite 1+ 98.8 1.0 0.2 0.0 0.0 0.0 
Zeolite 2* 98.0 1.7 0.3 0.0 0.1 0.0 
PCC§ 98.6 1.1 0.3 0.0 0.0 0.0 
CDE1 98.3 1.5 0.2 0.0 0.0 0.0 
PC* 98.2 1.6 0.2 0.0 0.0 0.0 
Lapillus 96.7 2.3 0.6 0.1 0.2 0.1 
Pumice 97.6 1.6 0.3 0.1 0.3 0.1 
LSDQ.05 0.95 0.55 0.15 NS NS NS 
t Zeolite clinoptilolite. 
± Zeolite chabarite. 
§ PCC, porous ceramic clay. 
f CDE, calcined diatomaceous earth. 
# PC, polymer-coated clay with a kelp material incorporated on the exterior of the polymer 
coating. 
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sand mixture showed the highest increase in K^. This disagreement may be due to the fact 
that the sand-based medium tested by Li et al. [2000] was subjected to freeze/thaw cycles for 
two seasons only whereas we investigated 20 freeze/thaw cycles in this study. In addition, 
the sand amended with inorganic amendments in the field study also contained 5% (v/v) peat. 
It should also be noted that the bulk density decreased most after the first few freeze/thaw 
cycle in this study, whereas particle breakdown were much slower (Tables 2 and 3). 
In conclusion, freezing and thawing may result in changes in bulk density, particle 
degradation and particle-size distribution. These factors may then affect K^. Further studies 
on this subject should include measurements of changes in water content during the 
freeze/thaw processes. 
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CHAPTER 4. RESPONSE OF CREEPING BENTGRASS TO INORGANIC SOIL 
AMENDMENTS TOPDRESSED ON A SLOPED GREEN 
A paper to be submitted to Journal of turfgrass management 
Deying Li, David D. Minner, and Nick E. Christians 
ABSTRACT 
Putting green research is usually conducted on greens constructed with a flat surface. 
However, golf course greens are anything but flat. USGA root-zone specifications combined 
with a quality controlled mixing and construction produces a uniform root zone environment 
at the onset of green establishment. As the greens mature beyond the first year of 
establishment, uniformity inherently decreases. This is evident from the random nature of 
dry patches and other stressed patches observed on greens. The undulated and heterogeneous 
root zone media is prone to dry patch or black layer problems if the soil water and air are not 
properly managed. The objective of this study was to evaluate the effectiveness of inorganic 
soil amendments in controlling the dry patch on a sloped research green (SRG). The SRG 
contains a 7.0% slope facing north, a knoll, a 6.6% slope facing south, and a swale, the low 
portion to the south end of the green. The green was seeded with 'Crenshaw' creeping 
bentgrass (Agrostis palustris Huds.). The topdressing treatments include 80% of sand and 
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20% (v/v) of peat, porous ceramic clay (PCC), calcined diatomaceous earth (CDE), zeolite 
clinoptilolite, and zeolite clinoptilolite preloaded with fertilizers (ZPF). Turf color and 
coverage were evaluated in 1999 and 2000 during the growing seasons and before and after 
two cycles of dry down treatments in the four areas on the green. During most of the growing 
season in 1999, ZPF treatment showed better turf color and coverage. This advantage was 
lost during the irrigated recovery period that followed two periods of water stress. It is 
possible that the extra 49 kg ha"1 of N in ZPF could have made turf quality appear better 
during most of the summer, but also predisposed the grass to more drought injury as evident 
from the lower quality ratings during the water stress period. The low turf quality of ZPF in 
the spring of 2000 may have been caused by high levels of Na and K which were 47.7 g kg"1 
and 557.7 g kg"1 in the 0-2.5 cm of root zones, respectively. We did not find benefits of 
inorganic amendments used as topdressing materials to prevent dry patch problems on a 
sloped green. 
KEYWORDS. Inorganic amendments, Sloped green, Soil amendment, Localized dry spots, 
Dry patch 
INTRODUCTION 
The GCSAA and USGA both have research programs directed at conducting research 
on actual golf courses. This is in response to surveys indication that 82% of the respondants 
feel that "research trials conducted on golf courses yield more accurate and useful 
information than the same trials conducted on university field plots". The logic behind this is 
that research plots seldom match up the amount of stresses in terms of traffic and pests. 
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Another obvious difference between the golf course greens and research plots is that the 
former are usually built on a undulated topography whereas the later are flat and uniform. 
The homogeneity of the root zone during construction gives way to heterogeneous conditions 
and different microenvironments that are expressed in distinct stressed areas of a putting 
green. It has been assumed that dry patch happens more often in the higher spot and black 
layer happens more often in the lower spot on an undulated golf green when water is 
improperly managed (Wilkinson and Miller, 1978; Cullinmore et al., 1990; Tucker et al., 
1990; Bemdt and Vargas Jr., 1992). 
Soil amendments have been suggested for use in the golf green root zones since 1916 
(Hurdzan, 1985). At the beginning sand was used to modify soil-based greens. Later on, 
organic and inorganic soil amendments were introduced to the sand-based root zones 
(Carrow, 1993). So far, research on the impact of inorganic amendments on soil physical 
properties has been restricted to limited products such as zeolite clinoptilolite (Ferguson et 
al., 1986; Huang and Petrovic., 1995) and calcined clay (Beard, 1973; Waddington et al., 
1974) or in the laboratory (McCoy and Stehouwer, 1998). It is therefore of practical 
importance to know if application of soil inorganic amendments on an undulated golf green 
as topdressing can control the dry patch or black layer problems. 
The optimum amount and distribution of inorganic material in the surface 5 cm of a 
green is not clearly understood. Li et al. (2000) reported positive effects of inorganic soil 
amendments on soil physical properties in a flat sand-based green. There is no information 
comparing the effects of inorganic soil amendments used as root-zone mixtures to that used 
as top dressing. The objective of this study was to investigate the effectiveness of dry patch 
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control and soil physical properties when using peat, PCC, CDE, Zeolite clinoptilolite, and 
ZPF as topdressing materials on a research green that simulates actual contoured conditions. 
MATERIALS AND METHODS 
A sloped research green (SRG) was constructed at the Horticulture Research Station 
in 1997. The SRG was created to simulate the undulating topography that occurs on putting 
greens in many golf courses. A 30-cm sand-based root zone was positioned over a 10-cm 
gravel blanket that embeds 10-cm drain lines. The subgrade, gravel blanket, and sand root 
zone all follow the same contour. The SRG contains a 7.0% slope facing north, a knoll, a 
6.6% slope facing south, and a swale, the low portion to the south end of the green (Figure 
1). The green was seeded with 'Crenshaw' creeping bentgrass (Agrostis palustris Huds.) in 
September 1997. By August there was 100 percent turf cover and approximately 0.5 cm of 
thatch. 
On 25 September 1998 the green was severely verticut. A 0.5 cm depth of 
topdressing material was immediately applied for each treatment following verticutting. The 
topdressing treatments include 80% of sand and 20% (v/v) of following materials: peat 
(Dakota Peat and Blenders, Grand Forks, ND), porous ceramic clay (PCC) (Profile, Profile 
Products LLC, Buffalo Grove, EL.), calcined diatomaceous earth (CDE) (Axis, Eagle-Picher 
Minerals, Reno, NV), zeolite clinoptilolite (ZeoPro, Zeoponix Inc. Louisville, CO.), and 
zeolite clinoptilolite preloaded with fertilizers (ZPF) (ZeoPro, Zeoponix Inc. Louisville, 
CO.). The sand has a pH of 8.2 and is calcareous. Particle size distribution falls within the 
United States Golf Association (USGA) specification (Hummel, 1993). The experiment is a 
randomized complete block design. Each treatment unit (plot) measures 12.2 by 1.8 m. 
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Figure 1. Contour dimensions of the sloped research green. 
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Due to winter desiccation, the entire green was overseeded with 98 kg ha"1 Of 
'Crenshaw' creeping bentgrass in 1 April 1999. Mowing height was raised to 1.1 cm and 
gradually lowered to 0.5 cm by 23 August 1999. There were no apparent differences in 
winter injury among treatments. Treatments were topdressed every two weeks from 14 May 
to 30 September for a total of 2.5 cm in 1999. To smooth the green's surface and the 
depressions between plots, the entire green was topdressed with 0.2 cm of the original sand 
and a mat was dragged across all plots on 25 Oct 1999. The entire green was fertilized with a 
total of 215 kg ha"1 of N, 122 kg ha"1 of P2Os, and 176 kg ha"1 of K20. Since ZPF contains 
nutrients, this treatment actually received an extra 49 kg ha"1 of N, 24 kg ha"1 of P2Os, and 
293 kg ha"1 of K20. 
We created two cycles of water stress by withholding water in 1999. The first water 
stress was from 27 July to 2 August 1999, and the second water stress was from 28 August to 
9 September 1999. Turf quality, color, and dry spots were rated throughout the growing 
season and right before and after each water stress on a scale of 0-9, where 9 = best, 6 = 
minimum acceptable, 0 = brown or dead. 
In April 2000, soil samples were taken at the north side, the knoll and swale areas of 
each plot. Samples were separated into the top 2.5 cm and the bottom 12.5 cm. Soil 
moisture was measured by oven drying the samples at 105 °C for 24 hr. The soil materials 
were sent to Harris Lab. Lincoln, Nebraska for fertility analysis. In 2000, a total amount of 
1.25 cm topdressing treatments were applied from May to September. Fertilizers were 
spread using a broadcaster during the spring and sprayed with a spoon-feeding program later 
on. The total amount applied during 2000 was 116 kg ha"1 of N, 44 kg ha"1 of P2Os, and 70 kg 
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ha"1 of K20, respectively, except that ZPF received additional 18 kg ha"1 of N, 8 kg ha'1 of 
P2Os, and 88 kg ha"1 of K20 because the product is preloaded with fertilizer. The mowing 
height was adjusted to 0.3 cm. Similar to 1999, we created two cycles of water stress by 
withholding the water. The first water stress period was from 9 Aug. to 18 Aug. 2000, and 
the second water stress was from 1 Sept. to 6 Sept. 2000. We rated turf color and percent dry 
patch every two weeks. Turf quality ratings were also taken before and after each water 
stress period. Volumetric water contents were measured in 0-5 cm, 0-10 cm and 0-20 cm 
depth before and after water stress using a TDR100 equipment (Campbell Scientific Inc. 
Logan, Utah.). Water content also was measured before and after one watering event in 
order to determine the water holding capacity and movement within the soil profile of the 
sloped green. 
RESULTS 
Turf color quality 
As shown in Table 1, there were no differences in turf color among treatments prior 
to the first water stress at 15 July 1999. Immediately after the first water stress, the north 
side, knoll, and swale areas showed differences in color quality with ZPF as the best. After 
the second water stress on 9 September, those differences for the north side and swale 
disappeared, however, the south side now showed differences with CDE having the best turf. 
The south slope of the SRG showed the poorest color because of the most wilting injury. 
During the recovery period ZPF has the lowest color ratings compared to peat, CDE, and 
zeolite on 16 Sept. 1999 and compared to peat on 14 Oct. 1999. By 11 November, all plots 
were the same in color quality. In 2000, there were no turf color differences among the 
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Table 1 Turf color quality (0-9 scale, 9 = best, 6 = minimum acceptable, 0 = brown) in four areas 
of a sloped green topdressed with inorganic soil amendments in 1999. 
Treatment Before After 1st After 2nd 
water stress water stress water stress Recovery period 
July 15, 99 Aug. 2, 99 Sept. 9, 99 Sept. 16, 99 Oct. 14, 99 Nov. 11, 
99 
North side 
Peat 6.7 6*7 '""6.2" "7.5 Sj""" 6.0 
CDE+ 6.5 6.3 6.5 7.5 8.2 6.0 
PCC* 6.5 6.2 5.8 7.2 8.7 6.0 
Zeolite5 6.7 6.2 5.7 7.2 8.5 6.0 
ZPF1 7.0 7.5 6.0 7.2 8.5 6.0 
LSD0.05 NS 0.4 NS NS NS NS 
Knoll 
Peat 7.Ô 6~5~ 5/7™ "4.5 62 7.3 
CDE 7.0 6.0 4.3 7.0 7.3 5.7 
PCC 7.0 5.2 4.8 5.2 7.8 5.8 
Zeolite 7.0 5.5 4.7 6.5 6.3 5.5 
ZPF 7.0 6.5 5.0 4.8 7.0 5.7 
LSD0.05 NS 0.6 NS 0.7 NS NS 
South side 
Peat 7.0* ""6.0 4.3 7.0" 8.3* 6.3 
CDE 7.0 6.2 5.7 7.7 7.2 6.7 
PCC 7.0 6.0 4.8 6.0 7.0 6.0 
Zeolite 7.0 6.0 4.7 6.7 7.3 6.8 
ZPF 7.0 6.7 4.7 5.5 7.0 6.3 
LSDo.05 NS NS 0.8 1.0 0.8 NS 
Swale 
Peat 6.Ô" 6.7 6*0 8*2 8/7 -------
CDE 6.3 6.7 6.5 7.8 8.3 7.3 
PCC 5.8 6.2 6.0 8.0 8.5 7.5 
Zeolite 5.8 6.5 6.3 8.0 8.2 7.7 
ZPF 6.5 7.2 6.2 8.0 8.2 7.5 
LSDnns NS 05 NS NS NS NS 
t CDE, calcined diatomaceous earth. 
± PCC, porous ceramic clay. 
§ Zeolite, Zeolite clinoptilolite. 
f ZPF, Zeolite clinoptilolite preloaded with fertilizer. 
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treatments for each of the four areas on the sloped green (Table 2). 
Turf cover 
On the north side of the sloped green in 1999, turfgrass coverage of ZPF was the best (with 
least dry patch) before and after the first water stress. Following the second water stress, no 
quality differences were detected (Figure 2). On the knoll, there were no differences before 
the first water stress but the quality decreased after the first water stress to a point when only 
CDE had the highest acceptable quality at 9 September (Figure 3). On the south side of the 
sloped green, coverage of ZPF treatment was better than others after the first water stress but 
its quality decreased to Che worst after the second water stress (Figure 4). There was no 
difference in turf coverage quality in the swale area except before the first water stress when 
ZPF treatment had the t>est quality (Figure 5). 
In 2000, the north side, knoll, and swale showed no differences among amendment 
treatments before or after water stress (Figure 6, 7, and 9). Only during March to April did 
the ZPF treatment have higher dry patch percentage on the south side of the sloped green 
(Figure 8). 
Root-zone nutrients and water status 
There were no differences in nutrients among the treatments on the north side, south 
side and the swale. Therefore, the results that showed differences on the knoll only are 
reported (Table 3). Water content in the 0-15 cm depth was the highest for the ZPF treatment 
and lowest for the peat treatment. Sodium and K in the 0-2.5 cm depth of the ZPF treatment 
were 3.8 and 4.2 times that of the peat control, respectively. Sodium and K in the 0-2.5 cm 
depth of the zeolite treatment were 2.6 and 3.1 times that of the peat control, respectively. 
71 
8.0 
LSDo.o5=0.2 LSDo.O5=0.2 
cd 
3 
Œ1 
<5 
> 
o 
o 
h 
7.0 
6.0 
5.0 
Second water 
First water Zeolite 
4.0 4— 
7/11 7/21 7/31 8/10 8/20 
Date 
8/30 9/9 9/19 
Figure 2. Bentgrass (Agrostis palustris Huds.) turf coverage in 1999 on the north side of a 
sloped research green topdressed with 80% of sand and 20% (v/v) of peat, calcined 
diatomaceous earth (CDE), porous ceramic clay (PCC), zeolite clinoptilolite (Zeolite) and 
zeolite clinoptilolite preloaded with fertilizers (ZPF), respectively. 
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Figure 3. Bentgrass (Agrostis palustris Huds.) turf coverage in 1999 on the knoll of a sloped 
research green topdressed with 80% of sand and 20% (v/v) of peat, calcined diatomaceous 
earth (CDE), porous ceramic clay (PCC), zeolite clinoptilolite (Zeolite) and zeolite 
clinoptilolite preloaded with fertilizers (ZPF), respectively. 
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Figure 4. Bentgrass (Agrostis palustris Huds.) turf coverage in 1999 on the south side of a 
sloped research green topdressed with 80% of sand and 20% (v/v) of peat, calcined 
diatomaceous earth (CDE), porous ceramic clay (PCC), zeolite clinoptilolite (Zeolite) and 
zeolite clinoptilolite preloaded with fertilizers (ZPF), respectively. 
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Figure 5. Bentgrass (Agrostis palustris Huds.) turf coverage in 1999 on the swale of a 
sloped research green topdressed with 80% of sand and 20% (v/v) of peat, calcined 
diatomaceous earth (CDE), porous ceramic clay (PCC), zeolite clinoptilolite (Zeolite) and 
zeolite clinoptilolite preloaded with fertilizers (ZPF), respectively. 
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Figure 6. Bentgrass (Agrostis palustris Huds.) turf dry patch rate in 2000 on the north side 
of a sloped research green topdressed with 80% of sand and 20% (v/v) of peat, calcined 
diatomaceous earth (CDE), porous ceramic clay (PCC), zeolite clinoptilolite (Zeolite) and 
zeolite clinoptilolite preloaded with fertilizers (ZPF), respectively. 
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Figure 7. Bentgrass (Agrostis palustris Huds.) turf dry patch rate in 2000 on the knoll of a 
sloped research green topdressed with 80% of sand and 20% (v/v) of peat, calcined 
diatomaceous earth (CDE), porous ceramic clay (PCC), zeolite clinoptilolite (Zeolite) and 
zeolite clinoptilolite preloaded with fertilizers (ZPF), respectively. 
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Figure 8. Bentgrass (Agrostis palustris Huds.) turf dry patch rate in 2000 on the south side 
of a sloped research green topdressed with 80% of sand and 20% (v/v) of peat, calcined 
diatomaceous earth (CDE), porous ceramic clay (PCC), zeolite clinoptilolite (Zeolite) and 
zeolite clinoptilolite preloaded with fertilizers (ZPF), respectively. 
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Figure 9. Bentgrass (Agrostis palustris Huds.) turf dry patch rate in 2000 on the swale of a 
sloped research green topdressed with 80% of sand and 20% (v/v) of peat, calcined 
diatomaceous earth (CDE), porous ceramic clay (PCC), zeolite clinoptilolite (Zeolite) and 
zeolite clinoptilolite preloaded with fertilizers (ZPF), respectively. 
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Table 2 Turf color quality (0-9 scale, 9 = best, 6 = minimum acceptable, 0 = brown) in 
four areas of a sloped green topdressed with inorganic soil amendments in 2000. 
Treatment Before After 1st After 2nd Recovering period 
water stress water stress water stress 
July 10, 00 Aug. 18, 00 Sept. 6, 00 Sept. 12, 00 Sept. 21,00 
North side 
Peat 7.7 7.0 6.0 5.7 7.0 
CDE+ 7.7 6.7 6.0 5.7 7.0 
PCC* 7.3 7.0 6.0 5.7 7.0 
Zeolite5 7.7 6.3 6.0 5.3 7.0 
ZPF1 8.3 7.0 6.0 5.7 7.7 
lsd0.05 NS NS NS NS 0.5 
Knoll 
Peat 6.7 7.0 6.0 5.0 6.0 
CDE 6.3 6.3 6.0 5.0 6.0 
PCC 6.0 6.7 6.0 5.3 6.0 
Zeolite 6.3 6.3 6.0 5.0 6.0 
ZPF 7.0 6.3 6.0 5.0 6.0 
LSDQ.05 NS NS NS NS NS 
South side 
Peat 7.0 6.7 7.0 6.0 7.0 
CDE 6.3 6.7 7.0 6.0 7.0 
PCC 6.3 6.3 7.0 6.0 7.0 
Zeolite 6.0 7.0 7.0 6.0 7.0 
ZPF 7.0 6.7 7.0 6.0 7.0 
lsd005 NS NS NS NS NS 
Swale 
Peat 8.0 7.0 7.0 6.0 8.0 
CDE 8.3 7.0 7.0 6.0 8.0 
PCC 8.0 7.0 7.0 6.0 8.0 
Zeolite 8.3 7.0 7.0 6.0 8.0 
ZPF 8.7 7.0 7.0 6.0 8.0 
LSD00s NS NS NS NS NS 
f CDE, calcined diatomaceous earth. 
t PCC, porous ceramic clay. 
§ Zeolite, Zeolite clinoptilolite. 
f ZPF, Zeolite clinoptilolite preloaded with fertilizer 
80 
Phosphorus content in the 0-2.5 cm was higher in CDE treatment than other treatments 
except PCC. No difference existed among the treatments in the 2.5-15 cm depth for Na, K, 
or P. No differences in total soluble salts were found among the treatments. 
No water content differences were found among treatments in all four areas on the 
sloped green after the water stress and the results are not reported here. 
DISCUSSION 
During most of the growing season in 1999, ZPF treatment showed better turf color 
and coverage. This advantage in turf quality gained under non-stressed conditions by ZPF 
was lost during the irrigated recovery period that followed two periods of water stress. The 
ZPF treatment had a total 264 kg ha"1 of N while the other treatments had 215 kg ha"1 of N. It 
is possible that the extra 49 kg ha"1 of N could have made turf quality appear better during 
most of the summer, but also predisposed the grass to more drought injuries as evident from 
the lower quality ratings during the water stress period. The extra 293 kg ha"1 of K in ZPF 
could also contributed to the lower quality of ZPF treatment after water stress. 
In the absence of dry conditions the improved turf quality observed for ZPF was 
probably associated with higher levels of N and K in the product. In 2000, this advantage of 
ZPF disappeared when less topdressing material was used and a spoon-feeding fertilization 
program was started. 
Furthermore it was shown that the carried-over low turf coverage in ZPF treatment 
was related to the high Na and K content during the spring of 2000 when water content in the 
ZPF treatment was actually higher than the other treatments. Since total soluble salts were 
not different among the treatments, Na toxicity may have been the reason for the higher dry 
Table 3. Soil water content and fertility tested April 15,2000 from the knoll of a sloped green topdressed with inorganic soil amendments, 
Treatment Water content Soluble salts Na P K 
0-2.5 cm 2.5-15 cm 0-2.5 cm 2.5-15 cm 0-2.5 cm 2.5-15 cm 0-2.5 cm 2.5-15 cm 
g kg'1 mmhoms cm'1 g kg'1 
Peat 36 0.2 0.1 12.7 8.7 9.0 9.3 132.3 52.7 
CDE1 41 0.2 0.1 17.0 9.7 13.3 8.3 129.3 62.3 
PCC* 45 0.3 0.1 15.7 8.3 10.7 8.3 167.3 60.3 
Zeolite§ 46 0.2 0.1 32.7 13.0 9.3 9.0 405.0 86.0 
ZPF1 49 0.2 0.1 47.7 14.3 9.3 8.7 557.7 87.7 
LSD005 3 NS NS 11.6 NS 2.7 NS 158.0 NS 
t CDE, calcined diatomaceous earth. 
$ PCC, porous ceramic clay. 
§ Zeolite, Zeolite clinoptilolite. 
1 ZPF, Zeolite clinoptilolite preloaded with fertilizer 
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patch percentage in the ZPF treatment. Koski (1999) also reported that high Na in some 
zeolites may cause physical injury to turfgrass. 
Although we have observed significant turf quality between the different areas on the 
sloped green, the results are not presented here. One reason is that investigating turf quality 
in different topography was not our primary objective in this study. Another reason is that 
the areas should be assigned as a random treatment in order to investigate the area effects. 
Furthermore the areas should be independent for the statistical model to be valid. Apparently 
the north side, the knoll, the south side and the swale are correlated which leads to less 
degrees of freedom. 
Nevertheless, the sloped green provided a very good model to investigate water 
movement in a sand-based root zone media. It also is useful model to study the dry patch 
and black layer problems that are often noticed on undulated golf greens which are difficult 
to manage for the best water and air relationship. Further research is therefore needed to 
understand the development of localized dry patch and black layer by monitoring the water 
movement and distribution on an undulated golf green. 
We did not find benefits of inorganic amendments used as topdressing materials to 
prevent dry patch problems on a sloped green. It by no means suggests that other beneficial 
physical properties did not exist. Future research may be needed to understand the thermal 
properties of the topdressing layers that are important in dissipating radiation energy during 
the hot seasons. 
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CHAPTER 5. QUANTITATIVE EVALUATION OF SAND SHAPE AND 
ROUNDNESS AND THEIR POTENTIAL EFFECT ON STABILITY OF SAND-
BASED ATHLETIC FIELDS 
A paper submitted to crop science 
Deying Li, David D. Minner,* and Nick E. Christians 
ABSTRACT 
Playing surface stability of a sports field has often been a problem for sand-based 
media. Many factors, such as particle size, particle-size gradation, shape/roundness, water 
content, and plant materials may affect the surface stability. The relative importance of these 
factors is not clearly understood. The primary objective of this study was to evaluate shape 
and roundness of sand particles quantitatively so that they can be compared with other factors 
in terms of their contributions to the surface stability. Mason sand, concrete sand, silica 
sand, crushed brick, and crushed stone were used in this study to cover a wide range of 
shapes and roundness based on visual observation. In order to test the methodology, we used 
glass beads as the base line. We also crushed glass to make a very angular sample. All 
materials were washed free of silt- and clay- sized particles and oven dried before use in 
evaluation. A roughness index (Ir) was proposed as the ratio of the particle surface area to 
the area of a sphere of the same volume. Surface areas were determined by coating the 
Dept. Horticulture, Iowa State Univ., Ames, IA 50011-1100. Contributed as Journal Paper 
No. J-19287 of the Iowa Agric. and Home Econ. Exp. Stn.; Project No. 3607, and supported 
by Hatch Act and State of Iowa funds. Received . 
^Corresponding author (dminner@iastate.edu). 
No endorsement of products or firms is intended, nor is criticism implied of those not 
mentioned. 
Abbreviations: Ir, roughness index; CU, coefficient of uniformity; CF, coefficient of friction. 
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materials with aniline blue dye and measuring the light absorption of the dye washed off the 
particle surface. Angle at repose, coefficient of uniformity (CU), coefficient of friction (CF), 
and two-dimensional image analysis were also included in the evaluation of the materials. 
Principle component analysis indicated that only three factors — angle at repose, CU, and 
Ir,— are necessary to explain 98.5% of the variance contributing to surface stability of sand-
based media. The results of this study showed that shape and roundness of sand grains could 
be expressed by Ir, which is sensitive and convenient for picking out the differences between 
materials. Two-dimensional image analysis, which returns form factor, roundness, and 
aspect ratio, provided insufficient separation of the diverse sands evaluated in this study. 
Sand is widely used as root zone media of sports turf to alleviate compaction and 
improve drainage. Root zone media and turfgrass species are the two major factors affecting 
surface playability of sports turf (Canaway, 1983). Sand-based root zone media may 
sometimes shift or deform when turfgrass is not well established or when the sand is exposed 
because of turf damage (Christians, 1998). A shifting surface is unacceptable in many ways. 
Several studies have been conducted on the wear resistance of turfgrass species (Canaway, 
1983; Schulz, 1984; Evans, 1988; Cockerham et al., 1989) and on the stabilization of root 
zones by artificial materials (Gibbs, 1990; Baker, 1997). Research on the roles of inherent 
properties of sand in playing surface stability has been limited to the particle-size distribution 
(Ferguson, 1955; Bingaman and Kohnke, 1970; Adams et al., 1971, Baker et al., 1988; 
Whitmyer and Blake, 1989) and compressibility (Kezdi, 1979; Waddington, 1992). Dury 
and Craggs (1997) reported that the playing surface stability of a sports field is affected by 
the size, shape, and particle-size distribution of the media based on the ball bounce ratio. 
Although sand shape and roundness long have been speculated to be important for the 
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surface stability of sand-based sport fields (Adams et al., 1971), their roles relative to other 
factors still are not clearly understood because of the technical difficulties involved in 
quantitatively assessing the shape and roundness factors. 
Shape and roundness of sand grains have been investigated in many scientific areas 
such as sedimentology, geology, geophysics, and engineering. No single index meets the 
needs of all these disciplines. Wadell (1932) defined the degree of true sphericity of a 
particle as the ratio of the surface of an equivalent sphere to the actual surface area of the 
particle. He also defined the total roundness of a solid in one plane as the arithmetic mean of 
the roundness of the individual comers in that plane. In this sense, sphericity describes the 
shape, and roundness describes the detailed contour characteristics. The image of a solid, he 
suggested, is a combination of both shape and roundness. In a further study, Wadell (1934) 
calculated the shape and roundness indices of quartz particles from the measurement of the 
two-dimensional images generated from microscopic photographs. Lees (1963) indicated 
that Wadell's (1934) two-dimensional method is insufficient for shape analysis of particles 
produced by crushing, which usually leads to a lower flatness ratio. He also pointed out that 
the roundness definition suggested by Wadell neglected the differences of roundness caused 
by the comers that have radii greater than that of the maximum inscribed circle and failed to 
take into account the true angular comers, which is nil irrespective of the size of the angle. 
In lieu of mean roundness, Lees (1963) suggested the use of the sum of the angularity values. 
The formula he suggested includes acuteness, relative projection, and total numbers of the 
angles. From the calculated values, he constructed a chart to assist rapid visual estimation of 
shape and roundness. 
Ehrlich and Weinberg (1970) used Fourier series expansion of the radius for the 
coordinates of peripheral points about the center of mass to quantitatively express the grain 
shape and roundness information. This Fourier series expansion has basically the same 
information as a two-dimensional digital image would. With advances of computer 
technology, more models have been suggested to describe grain shape and roundness through 
digitized data analysis (Medalia, 1970; Tsubaki et al., 1975; Russ, 1995). Semi-automated, 
three-dimensional measurement of the shape and roundness using a laser interferometer and 
computer processor was reported by Klingsporn (1979). 
Although various authors have defined the sphericity and roundness indices 
differently, it is generally agreed that sphericity and roundness express the particle outline 
and detailed features, respectively, and that the two factors can actually be combined into a 
single index. In practice, however, either the computer-assisted two-dimensional analysis or 
a visual chart is used to evaluate the grain shape and roundness. An example of the latter is 
shown in the United States Golf Association (USGA) specification for golf green root zone 
construction, where a visual chart is used to assign qualitatively a category of sphericity and 
roundness to the sand grains (Hummel, 1993). The difficulty of describing sphericity index 
using surface area as suggested by Wadell (1932) lies in the fact that conventional methods 
are not sensitive enough for measuring sand surface area. By these methods, the adsorption 
of nitrogen gas (N2) is fitted to the Brunauer-Emmett-Teller (BET) equation, or the weight 
increase of a monolayer of ethylene glycol mono ether (EGME) as adsorbed to the surface is 
determined to calculate the specific surface area (Jury et al., 1991). These small weight 
increases are often beyond the sensitivity range of most balances. 
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Ideally, shape and roundness indices, which are designed to predict the surface 
stability of sand-based media, should reflect the three-dimensional information of the sand 
grains and should be sensitive and convenient to use. Because stability is a population effect, 
such an index also should be able to represent a large population of sand particles. 
Furthermore, sand particles should be able to interlock or compress through large contacted 
areas to form a stable surface. Thus the surface area should be included in the index. With 
those considerations in mind, we proposed a roughness index (Ir) to evaluate sand shape and 
roundness: 
Ir = S/Ssphcre, [1] 
where S is the measured surface of the sand particle and Ssphere is the surface area of the 
particle if it is an equivalent sphere of the same volume. 
In order to measure the surface, we developed a dye method that involves coating the 
sand surface with dye and measuring the dye solution that is washed off the sand surface with 
a spectrophotometer. According to Lambert-Beer law, if we use a dye with high molar 
extinction coefficient, we can greatly increase the sensitivity in measuring the dye adsorbed 
by the sand surface. 
The primary objective of this study was to test the validity of the dye method we 
proposed to measure Ir of sand particles. A second objective was to compare the 
effectiveness of different indices in predicting dry sand stability without the contributions 
from grass roots and other enforcing elements. The indices used in this study include Ir, 
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particle size, coefficient of uniformity (CU), surface smoothness, and other shape factors 
calculated from two-dimensional digital image analysis. 
MATERIALS AND METHODS 
The materials used in this study were chosen to cover a wide range of shape and 
roundness by visual observation. In order to test the methodology, we used glass beads as 
the base line. We also crushed glass to make a very angular sample. The materials are 
summarized in Table 1. All materials were washed free of silt- and clay-sized particles with 
distilled water before use in evaluation. The amount of silt- and clay-sized particles was 
generally negligible except for the crushed brick. The materials were oven dried at 105 °C 
for 24 hr and sieved for 5 min with an SCS Scientific sieve-shaker. Three sample replications 
were used for all measurements. 
Sieve Calibration 
Glass beads, 100 g, were sieved as described above. The beads that were trapped on 
each sieve were collected, and the diameters were measured under a microscope using a 
Unitron L2ML Ocular micrometer. The diameter measured was assumed as the actual 
aperture size of the sieves and was drawn against the expected standard size. There was a 
very good agreement between the actual size and factory-made specifications. 
Angle at Repose 
For dry soil, the shear stress can be expressed by the Mohr-Coulomb equation: 
T f =  C + crtan<ï>, [2] 
Table 1. Materials used in the particle shape and roundness study. 
Materials Origin Characteristics Visual evaluation1 P.* 
Glass bead Potters Industries, Inc., Brownwood, TX Solid soda lime glass sphere, P series High sphericity, rounded 
gem-1 
2.44 
Crushed glass 
- -
Low sphericity, angular 2.23 
DF-1000 Specialty Minerals Group, Inc., New York, NY Crushed dolomite Medium sphericity, subangular 2.86 
FSS 220 Florida Superior Sand, Light House Point, FL Silica sand Medium sphericity, subrounded 2.61 
Silica sand Best Sand Corp., Chardon, OH 
-
Low sphericity, subrounded 2.67 
Crushed brick United Brick & Tile, Adel, IA 
-
Medium sphericity, subangular 
-
Bunker white Specialty Minerals Group, Inc., Lucerne Valley, CA Crushed lime stone Medium sphericity, subangular 2.77 
Best 535 Plaistcd Companies, Inc., Elk River, MN 
-
Low sphericity, subrounded 2.66 
Sidley Pro/Angle R. W. Sidley, Inc., Paincsville, OH Crushed stone Medium sphericity, angular 2.70 
Construction sand Plaisted Companies, Inc., Elk River, MN Mason sand Low sphericity, subrounded 2.72 
Concrete sand PI aisled Companies, Inc., Elk River, MN 
-
Low sphericity, subrounded 2.80 
f Based on the United State Golf Association specification. 
$ Particle density 
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where Tf is the shear stress, C is the cohesion, or is the normal stress, and is the angle of 
internal friction (Das, 1998). Since our test materials were washed free of silt and clay, the 
resulting sand was considered to be noncohesive (C = 0). Therefore, the shear stress of this 
material is decided by 0. Furthermore, it is assumed that <ï> equals the angle at repose 
(Morris, 1959), which is a measurable parameter. Angle at repose is assumed to be the best 
measure of surface stability. Other methods evaluated, such as roughness index, image 
analysis, and coefficient of friction, were correlated with angle at repose. 
A funnel method was designed to test the angle at repose. By this method, a funnel 
was set on the base of a microscope and could be raised slowly and steadily with the focus 
knobs, and the speed of the sand flowing through the funnel could be controlled. A circular 
scale of 1-mm intervals was set on the base to measure the diameter of the pile, and a caliper 
was set on top of the microscope to measure the pile height. The diameter and pile height 
were measured to calculate the angle at repose. Twenty grams of each separate size range of 
the samples and 20 g of the bulk samples were replicated three times in this measurement. 
Measurement of Roughness Index 
Two grams of materials from each size range was loaded into a buchner funnel lined 
with a pre-wetted layer of Whatman® No. 1 filter paper. Two milliliters of 1.0 mM aniline 
blue in a pH 6.0 potassium phosphate buffer (0.1 M) was added, and the funnel was covered 
with a rubber stopper. After 1 min of equilibration, vacuum was applied at -0.1 MPa for 2 
min with the cover and then at -0.01 MPa for 1 min with the cover removed. The materials 
were then collected and washed with 2 mL of pH 6.0 potassium phosphate buffer (0.1 M) 
three times and filtered through a Whatman® 1.6 |xM GF/A w/GMF syringe filter. The light 
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absorption (A) of the solution washed off from the material was measured with a 
spectrophotometer (Milton Roy Spectronic 20D) at 605-nm wave length. Surface area of the 
glass beads was calculated from the diameter measured under a microscope using a Unitron 
L2ML Ocular micrometer. A standard regression line was established between the known 
surface area of glass beads and the measured amount of light absorption. From this standard 
line, surface areas were derived for other materials. 
The particle density (p) of the materials was measured with a glass pycnometer. The 
particle number (n) of materials was derived by weighing the material of known particle 
number. The particles were counted either directly or under a microscope equipped with a 
Hausser and Levy-Hausser Hy-lite Corpuscle Counting Chamber. Average weight (w) of a 
particle in the material (W) will be determined by: 
assuming that the particles of known volume (v) are uniform spheres. The average radius of 
these spheres (r) will be determined from the following equations: 
w = W/n. [3] 
Average volume (v) of a particle is: 
v = w/p, [4] 
v = (4/3) 7ir3 [5] 
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r = (3w/47tp)I/3. [6] 
The average surface area (Sb) of these imaginary spheres will be 
Sb = 47ir. [7] 
The actual average surface area (Sm) of the measured total surface area (S) in the 
material is 
Sm= S/n. [8] 
The Ir of a material was then calculated by substituting equations 7 and 8 into 
equation 1: 
Ir= S(47tn)"l/3(p/3W)2/3, [9] 
where S is the surface area (cm2) of the material, W is the weight (g) of the material, p is the 
particle density (g cm"3) of the material and n is the number of particles in the material. 
Weighted mean of Ir for the bulk material, was calculated based on the weight 
percentage retained on each sieve. 
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Coefficient of Uniformity 
Particle-size distribution curve was established from the cumulative material passing 
a certain aperture size versus the log scale of the sieve aperture size. CU was calculated as 
CU = DJDl0, [10] 
where D<% is the nominal diameter at which 60% of the materials passed through, and D10 is 
the nominal diameter at which 10% of the materials passed through. 
Coefficient of Friction 
To measure the sand coefficient of friction (p.), two pieces of 15 cm of solvent-
resistant masking tape (#2040, 3M Masking & Packaging Systems Division, St. Paul, MN 
55144-1000, USA) were cut and placed with the adhesive side down on top of the pretreated 
material to be tested in a petri dish. The free particles were brushed away gently, and the 
"sand paper-like " strips were left undisturbed for 5 min before strain testing. One piece of 
the sand paper was clamped face up on top of a wood block. Another piece of sand paper 
was placed face down on top of the first one so that they exactly matched. A glass 
microscope slide (75 x 25 mm) was placed on top of the two pieces of sand paper, and a 908 
g of weight was placed on top of the glass slide. A force gauge, connected to the top sand 
paper, was slowly pulled in a horizontal direction until the sand paper started moving. The 
force gauge measured the maximum force (F^) needed to cause movement of the upper 
sand paper relative to the lower sand paper. Ten readings were taken for each pair of the 
sand paper strips, and the average data were used in the calculation. Each measurement 
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involved three replications. During the test, there was negligible particle dropping off from 
the masking tape, as long as the particle size was less than 0.25 mm. Therefore, the 
measurements were taken for the particle size range 0.25 to 0.053 mm for each material in 
this study. 
The coefficient of friction (p.) (Giancoli, 1985) was calculated as: 
^ = Fmax/908g [11] 
Weighted mean of p. was calculated based on the weight percentage retained on each 
sieve ranging from 0.25 to 0.053 mm for each material. 
Image Analysis 
Particles of each size range were spread over a glass petri dish and photographed 
through a microscope with a digital camera. The two-dimensional image was analyzed with 
a software package NIH Image 1.62c, which provides the area (S), perimeter (P), major axis 
(Dmax), and minor axis (D^J. 
Form factor = 4tcS/P2. [12] 
Roundness = 4S/7TDMAX2. [13] 
Aspect ratio = DMAX/DMIN. [14] 
In order to create an index of shape/roundness from the image analysis for bulk 
materials, the weighted mean was calculated based on the weight percentage retained on each 
sieve. 
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Statistics 
A completely randomized design was used to test angle at repose, Ir, and coefficient 
of friction. Treatments consisting of materials and particle sizes were arranged in a factorial 
analysis with three replications. Treatment and interaction effects were tested for these 
experiments. The CU values were averaged from three replications. With image analysis, 
total number of particles in each particle size range were pooled together, and only standard 
deviations were calculated. 
Values of angle at repose, Ir, coefficient of friction, form factor, roundness, and aspect 
ratio from the bulk samples were used for correlation and principle component analysis using 
SAS 6.12 (SAS Institute, Inc., 1989). 
RESULTS AND DISCUSSION 
Angle at Repose 
The angle at repose is affected by particle size, particle gradation, and 
shape/roundness factors that together influence sand media stability. The angle at repose of 
the materials increased as particle size decreased (Table 2), suggesting that particle size may 
affect the angle at repose. This was obvious for the glass beads, because the particle size in 
each range was very uniform, whereas for other materials there could be a size gradation 
effect due to the greater variation within a given particle size range. The gradation effect on 
the angle at repose can be seen more clearly from the bulk samples, where the angle at repose 
is either higher than, or at least close to the highest value in the separate size ranges. 
Although perfectly round glass beads had the lowest angle at repose, some visually observed 
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angular materials do not always have a higher value of angle at repose in the separate size 
ranges, such as for Sidley Pro/Angle material (Table 2). This may be due to the fact that 
there are interactions between the particle shape/roundness index and the particle size and 
gradation. 
Analysis of variance of the data did show significant interactions between particle 
size and materials in this study (F = 9.25, p <0.0001). Our results agree with that reported by 
Morris (1959) in that some highly angular sand may not have a corresponding high angle at 
repose unless the material is more compressed. 
Roughness Index 
Giles and Nakhwa (1962) found good agreement between the nitrogen adsorption 
method and an anthraquinone acid wool dye method for the surface area measurement of 
quartz and titania. Our method related directly the amount of washed dye to the known 
surface area of glass beads (Fig. 1). 
Other parameters that are needed to calculate Ir are listed in Table 1. The Ir calculated from 
the dye method showed that artificially crushed glass was the most angular and unspherical 
material, followed by DF-1000 and Sidley Pro/Angle produced from crushed stones (Table 
3). The crushed brick was not included in this measurement, because its porous structure 
was not suitable for the method. The Ir values of different particle-size ranges differ 
significantly for all the materials tested in this study. The Ir index was able to enumerate 
visually observed differences (Table 1). Notice that Ir decreased as the particle size 
decreased, suggesting that as particle size becomes smaller, the angles may be rounded by 
Table 2. Angle at repose of 20 g of material in different size range and 20 g of bulk sample. 
Particle size (mm) 
Materials 2.0- 1.0 1.0 - 0.5 0.5 - 0.25 0.25 - 0.15 0.15 - 0.106 0.106 - 0.053 Bulk sample 
degree 
Glass bead 19.7 21.7 24.0 25.7 24.3 25.0 23.4 
Crushed glass 37.8 35.1 35.0 34.9 35.8 38.2 39.7 
DP-1000 36.5 37.1 35.0 33.8 35.3 39.9 38.5 
Florida superior 220 34.4 35.2 33.8 34.7 32.0 - 35.4 
Silica sand 33.0 33.5 33.7 34.2 33.7 34.8 36,2 
Crushed brick 39.6 39.3 34.9 33.4 33.7 34.9 38.9 
Bunker white 36.0 36.0 37.1 35.2 35.5 36.4 36.2 
Best 535 32.4 32.3 33.2 33.1 33.2 35.6 35.0 
Sidley Pro/Angle 29.9 31.6 33.5 35.8 34.0 34.9 38.2 
Construction sand 34.2 33.9 34.3 34.3 33.9 33.6 34.1 
Concrete sand 30.1 31.5 33.2 33.7 33.5 33.2 34.9 
LSD005 1.3 1.4 1.5 2.1 1.6 1.2 1.3 
Table 3. Roughness index of different size range of materials calculated from the measurement of surface 
by the dye method. 
Particle size (mm) 
Materials 2.0-1.0 1.0-0.5 0.5 - 0.25 0.25-0.15 0.15-0.106 0.106-0.053 
Crushed glass 51.45 13.48 23.85 15.32 15.77 15.47 
DP-1000 4.73 4.54 4.81 5.47 2.96 3.83 
Florida superior 220 - 3.98 2.39 1.99 1.50 1.15 
Silica sand 3.74 2.71 1.65 1.57 1.33 -
Bunker white - 4.54 2.94 2.92 2.05 1.70 
Best 535 6.89 3.68 3.35 2.55 2.20 1.39 
Sidley Pro/Angle 6.14 5.78 4.26 2.76 1.62 2.53 
Construction sand 5.20 3.86 2.86 1.60 1.07 0.93 
Concrete sand 4.22 3.45 1.49 1.41 0.85 
-
L£>Dqo5 1.13 0.71 1.04 0.38 0.19 0,13 
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natural attrition and friction. Our results are different from earlier reports (Wadell, 1934), 
where particle angularity increased as particle size decreased. One possible reason for the 
discrepancy could be that the evaluation by Wadell was based on two-dimensional 
observation, whereas Ir in this study is based on three-dimensional analysis. Sand particles 
tend to land preferably on certain flat faces instead of randomly landing on each face. In 
addition, flat particles tend to break into smaller particles (Wadell, 1934). As a result the 
two-dimensional image looks more angular than the three-dimensional image for the fine 
particles. 
Coefficient of Friction 
The surface characteristics tested on the sand paper strips by a force gauge showed 
that as particle size decreased, p. increased (Table 4). This was due in part to the increased 
contact area between particles. Values of coefficient of friction varied from 0.77 to 1.11 for 
the natural materials, and the range may not be broad enough for practical use. Another 
limitation of this method is that large particles, greater than 0.25 mm, could not be glued 
tight enough to the masking tape. 
Image Analysis 
Particle shape is another possible way to elucidate stability. Two-dimensional 
analysis was used to calculate form factor, roundness, and aspect ratio. Form factor and 
roundness calculated from the two-dimensional analysis use similar ideas in that the area of 
the image is compared with the area calculated from the perimeter assuming that the image is 
a circle or compared with the area of the smallest circumscribed circle. A perfect sphere has 
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Fig.l. Regression line showing the relationship between the amount of washed dye and the 
known surface area of glass beads. This standard line was used to calculate roughness index 
(Ir)-
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a form factor or roundness index of one. A particle with a high angularity will have a form 
factor or roundness index smaller than one. For true spheres, i.e., glass beads, the roundness 
index was a more accurate predictor of particle shape than form factor. Form factor was 
more precise with lower standard deviations, however (Table 5 and 6). 
It is not clear which index, form factor or roundness, is a better criterion for 
shape/roundness assessment. Form factor and roundness (Tables 5 and 6) did not provide 
sufficient separation of the materials tested even though there was considerable variation 
based on visual and measured parameters (Table 1). For example, in the 0.5- to 1.0-mm 
range, the form factor varies from 0.73 to 0.79, and roundness index varies from 0.70 to 0.78 
for the natural materials (Table 5). This lack of measurable variation makes form factor and 
roundness less suitable for predicting surface stability than Ir. 
The aspect ratio calculated from the maximum axis and minimum axis showed the 
largest standard deviation among the three indices in the image analysis (Table 7). This is 
expected because the length/width relationship for a single particle is highly dependent on 
the final resting position of the particle when viewed in only two dimensions. When 
stretched or smoothed from a basic shape, form factor varies with surface irregularities, but 
not with overall elongation, while aspect ratio has the opposite behavior (Russ, 1995). It is 
therefore necessary to use both the aspect ratio and shape/roundness index to describe a 
particle shape when two-dimensional image is used as suggested by Lees (1963). 
As shown in Table 8, the weighted values of form factor, roundness, and aspect ratio 
had a correlation coefficient of -0.85, -0.94, and 0.89, respectively, with the angle at repose. 
The weighted mean for coefficient of friction showed a strong correlation to the angle at 
repose (r = 0.87). 
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Table 4. Coefficient of friction of 11 dry materials tested on 
the tape strips by a force gauge. 
Particle size (mm) 
Materials 0.05 - 0.25 0.25 - 0.15 0.15-0.106 
Glass bead 0.47 0.57 0.74 
Crushed glass 0.89 0.97 1.02 
DF-1000 0.85 0.97 1.04 
Florida superior 220 0.77 0.79 0.88 
Silica sand 0.82 0.90 0.97 
Crushed brick 0.93 1.09 1.10 
Bunker white 0.78 0.85 0.91 
Best 535 0.85 0.99 1.11 
Sidley Pro/Angle 0.88 0.98 1.02 
Construction sand 0.77 0.81 0.88 
Concrete sand 0.87 0.92 0.95 
LSDoos 0.03 0.05 0.04 
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The commonly used CU index had a correlation coefficient of 0.25 with the angle at 
repose (Table 8). The smooth glass beads, with a CU value of 6.44, did not have a high 
angle at repose. This suggests that other factors, such as the shape/roundness factor, may 
also contribute to surface stability. Extremely high CU does not necessarily result in a 
proportional increase in angle at repose. This was especially noticed for brick dust that had a 
CU more than 100 units higher than any other materials. Glass beads and crushed brick were 
outliers that might have caused the low correlation between the CU and angle at repose. 
Eliminating glass beads and crushed brick from correlation analysis increased the correlation 
coefficient to 0.88. 
The Ir had a correlation coefficient of 0.61 with the angle at repose (Table 8). The 
angles at repose for glass beads and crushed glass were not proportional to their Ir. This may 
be caused by the interaction of Ir with CU, because a high CU is required for interlocking and 
high compressibility. 
Principle component analysis, using a covariance matrix from the data in Table 8, 
showed that the first and second principles account for 98.5% of the total variation. 
Eigenvectors (coefficients of x's) of the first and second principles, respectively, are 
= 0.97x, - 0.1 x2 + 0.02x3 + 0.23X4 - 0.01x5 - 0.02x6 + 0.03x7 
^2= -0.08xt + 0.77x2 - 0.01x3 + 0.64x4 - 0.0lx5 - 0.00x6 + 0.02x7, 
where X[, x2, x3, x4, x5, x6, and x7 are angle at repose, CU, CF, Ir, Form factor, Roundness, and 
Aspect ratio, respectively. From the coefficients in the Eigenvectors we can see that angle at 
Table 5. Form factor of different size ranges and bulk sample of 11 dry materials calculated from two-
dimensional digital image analysis. 
Particle size (mm) 
Materials 2.0- 1.0 1.0-0.5 0.5 - 0.25 0.25-0.15 0.15-0.106 0.106-0.053 
Glass bead 0.89 (0.02)' 0.89 (0.01) 0.92 (0.03) 0,85 (0.12) 0.89 (0.03) 0.89 (0.03) 
Crushed glass 0.63 (0.13) 0.61 (0.11) 0.71 (0.11) 0.66 (0.10) 0.66 (0.12) 0.62 (0.13) 
DP-1000 0.74 (0.04) 0.76 (0.05) 0.81 (0.06) 0.74 (0.07) 0.74 (0.06) 0.75 (0.07) 
Florida superior 220 0.82 (0.04) 0.78 (0.04) 0.77 (0.05) 0.77 (0.06) 0.75 (0.07) 0.74 (0.05) 
Silica sand 0,77 (0.05) 0.78 (0.05) 0.80 (0.06) 0.82 (0.05) 0.80 (0.05) 0.77 (0.06) 
Crushed brick 0.73 (0.06) 0.73 (0.05) 0.73 (0.07) 0.77 (0.07) 0.75 (0.08) 0.75 (0.08) 
Bunker white - 0.76 (0.07) 0.77 (0.08) 0.74 (0.09) 0.80 (0.08) 0.80(0.07) 
Best 535 0.75 (0.07) 0.79 (0.06) 0.81 (0.06) 0.77 (0.07) 0.74 (0.07) 0.73 (0.08) 
Sidley Pro/Angle 0.72 (0.05) 0.77 (0.05) 0.74 (0.08) 0.74 (0.08) 0.72 (0.07) 0.70 (0.08) 
Construction sand 0.79 (0.04) 0.77 (0.06) 0.80 (0.06) 0.80 (0.05) 0.78 (0.06) 0.79 (0.05) 
Concrete sand 0.77 (0.05) 0.77 (0.06) 0.82 (0.05) 0.82 (0.07) 0.79 (0.07) 0.78 (0.05) 
t Data in parentheses are standard deviations. 
Table 6. Roundness of different size ranges and bulk sample of 11 dry materials calculated from two-
dimensional digital image analysis. 
Particle size (mm) 
Materials 2.0-1.0 1.0-0.5 0.5 - 0.25 0.25-0,15 0.15-0.106 0.106-0.053 
Glass bead 0.93 (0.06)1 0.96 (0.03) 0.92 (0.06) 0.95 (0.04) 0.97 (0.02) 0.95 (0.04) 
Crushed glass 0.70 (0.15) 0.64 (0.11) 0.61 (0.17) 0.65 (0.14) 0.57 (0.14) 0.61 (0.17) 
DF-1000 0.74 (0.11) 0.74 (0.13) 0.75 (0.11) 0.68 (0.13) 0.68 (0.13) 0.69 (0.14) 
Florida superior 220 0.80 (0.09) 0.71 (0.11) 0.71 (0.12) 0.73 (0.13) 0.66 (0.12) 0.66 (0,13) 
Silica sand 0.77 (0.11) 0.78 (0.10) 0.76 (0.11) 0.77 (0.09) 0.75 (0.10) 0.73 (0.11) 
Crushed brick 0.73(0.14) 0.70(0.14) 0.68 (0.14) 0.70(0,13) 0.69(0.14) 0.69 (0.14) 
Bunker white - 0.76 (0.13) 0.72 (0.14) 0.68 (0.13) 0.70 (0.15) 0.73 (0.14) 
Best 535 0.75 (0.11) 0.75(0.11) 0.73 (0.11) 0.71 (0.12) 0.72 (0.12) 0.68 (0.13) 
Sidley Pro/Angle 0.71 (0.10) 0.74 (0.11) 0.69(0.15) 0.69 (0,12) 0.67(0.14) 0.65 (0,14) 
Construction sand 0.82 (0.10) 0.75 (0.12) 0.75 (0.11) 0.73 (0.11) 0.74 (0.12) 0.73(0,13) 
Concrete sand 0.70 (0.11) 0.76 (0.12) 0.77 (0.10) 0.73(0.12) 0.72 (0.12) 0.74 (0.11) 
f Data in parentheses are standard deviations. 
Table 7. Aspect ratio of different size ranges and bulk sample of 11 dry materials calculated from two-
dimensional digital image analysis. 
Materials 
Particle size(mm) 
2.0-1.0 1.0-0.5 0.5 - 0.25 0.25-0.15 0.15-0.106 0.106-0,053 
Glass bead 1.08 (0.08)' 1.04(0.04) 1.09 (0.07) 1.05 (0.05) 1.03 (0.03) 1,06 (0.05) 
Crushed glass 1.45 (0.35) 1.61 (0.33) 1.80 (0.63) 1.63 (0.48) 1,87(0.52) 1.77(0.55) 
DF-1000 1.39(0.24) 1.40 (0.27) 1.36 (0.22) 1.53 (0.35) 1.52 (0.33) 1.52 (0.31) 
Florida superior 220 1.26 (0.17) 1.45 (0.26) 1.45 (0.29) 1.42 (0.28) 1.57 (0.32) 1.59 (0.34) 
Silica sand 1.33(0.22) 1.30 (0.17) 1.35 (0.22) 1.32 (0.17) 1.37(0.20) 1.40 (0.24) 
Crushed brick 1.43 (0.32) 1.49 (0.38) 1.55(0.41) 1.49 (0.31) 1.51 (0.35) 1.51 (0.34) 
Bunker white - 1.36 (0.25) 1.46 (0.36) 1.53 (0.34) 1.50 (0.40) 1.43 (0.31) 
Best 535 1.37 (0.22) 1.36 (0.21) 1.41 (0.23) 1.44 (0.26) 1.42 (0.25) 1.53 (0.35) 
Sidley Pro/Angle 1.42 (0.21) 1.38(0.21) 1.54 (0.44) 1.49 (0.28) 1.56 (0.36) 1.61 (0.38) 
Construction sand 1.24(0.16) 1.38 (0.25) 1.37 (0.22) 1.41 (0.21) 1.39 (0.26) 1.42 (0.28) 
Concrete sand 1.46(0.24) 1.35 (0.23) 1.32 (0.18) 1.41 (0.24) 1.44 (0.26) 1.39 (0.24) 
t Data in parentheses are standard deviations. 
Table 8. A comparison of the effectiveness of different factors for bulk samples in predicting sand stability. 
Materials Angle at repose CU CF I, Form factor Roundness Aspect ratio 
degree 
Glass bead 23.4 6.44 0.60 1.00 0.89 0.95 1.06 
Crushed glass 39.7 6.44 0.91 6.68 0.65 0.63 1.69 
DF-1000 38.5 3.38 0.95 4.31 0.77 0.73 1.41 
Florida superior 220 35.4 2.73 0.81 1.90 0.77 0.71 1.45 
Silica sand 36.2 2.89 0.89 1.53 0.79 0.77 1.33 
Crushed brick 38.9 131.25 1.04 
-
0.74 0.70 1.50 
Bunker white 36.2 3.27 0.85 2.11 0.77 0.73 1.42 
Best 535 35.0 1.90 0.98 2.61 0.80 0.73 1.40 
Sidley Pro/Angle 38.2 3.89 0.96 2.38 0.75 0.71 1.45 
Construction sand 34.1 2.43 0.82 1.61 0.79 0.75 1.37 
Concrete sand 34.9 2.67 0.91 1.58 0.79 0,75 1.36 
Correlation coefficient (r) to the angle at repose 
1.0 0.25 0.87 0.61 -0.85 -0.94 0.89 
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repose is the best factor (Eigenvalue = 0.97) to describe the materials used in this study, 
followed by the CU (Eigenvalue = 0.77) and Ir (Eigenvalue = 0.64) indices. 
CONCLUSIONS 
The results of our study showed that the shape and roundness of sand grains could be 
expressed by a roughness index as long as surface stability of the sand-based media is the 
concern. The roughness index calculated from surface measurement includes three-
dimensional information. The 2-g-sampIe size used in this study represented a large 
population. The same amount of grains would require much more time to analyze if two-
dimensional methods were used. The roughness index is also relatively sensitive and 
convenient for picking up the differences between materials. One obvious limitation of this 
method is that it is not suitable for porous materials. 
Two-dimensional image analysis also can provide quantitative evaluation of particle 
shape and roundness. This method is fast, low cost, and more reliable than the visual chart 
method. This analysis provides area measurement in only two dimensions and does not 
represent the total surface area of a population of sand particles. There are many ways to 
evaluate the digital image. The most popularly used indices, form factor and roundness, 
provided insufficient separation of the diverse sands evaluated in this study. 
Internal friction angle is an important factor to predict surface stability. In theory, 
internal friction angle equals the angle at repose for noncohesive materials. Since angle at 
repose is affected by coefficient of uniformity, shape/roundness, and real physical coefficient 
of friction, those factors are therefore important for the surface stability of sand-based sport 
fields. Principle component analysis indicated that only three factors—angle at repose, CU, 
I l l  
and Ir— are necessary to explain 98.5% of the variance contributing to surface stability of 
sand-based media. A combined index is needed to predict the surface stability of sand-based 
media before a more direct measurement of the surface stability is available. Further study in 
the field including compressed media, grass roots, and variable water content and other 
factors is a necessity to test the validity of such an index. 
REFERENCES 
Adams, W.A., V.I. Stewart, and D.J. Thornton. 1971. The assessment of sands suitable for 
use in sportsfields. J. Sports Turf Res. Inst. 47:77-85. 
Baker, S.W. 1997. The reinforcement of turf grass areas using plastics and other synthetic 
materials. International Turf Society Research Journal. 8:3-13. 
Baker, S.W. A.R. Cole, and S.L. Thornton. 1988. Performance standards and the 
interpretation of playing quality for soccer in relation to rootzone composition. J. Sports 
Turf Res. Inst. 64:120-132. 
Bingaman, D.E., and H. Kohnke. 1970. Evaluation of sands for athletic turf. Agron. J. 
62:464-467. 
Canaway, P.M. 1983. The effect of rootzone construction on the wear tolerance and 
playability of eight turf grass species subjected to football type wear. J. Sports Turf. Res. 
Inst. 59:107-123. 
Christians, N.E. 1998. Fundamentals of turf grass management. Ann Arbor Press, Inc., 
Chelsea, MI. 
Cockerham, S.T. V.A. Gibeault, J. Dam, M.K. Leonard, and J. Van-dam. 1989. Tolerance of 
cool season turf grasses to sports traffic. California Turf grass Culture. 39:12-14. 
112 
Das, B.M. 1998. Principles of geotechnical engineering. PWS, Boston, MA. 
Dury, D., and J.S. Craggs. 1997. The envelope system—performance and experience in the 
United Kingdom. P. 114-122. In E. F. Hoerner (ed.). Safety in American football, ASTM 
STP 1305. West Conshohocken, PA. 
Ehrlich, R., and B. Weinberg. 1970. An exact method for characterization of grain shape. J. 
Sedimentary Petrology. 40(1):205-212. 
Evans, G.E. 1988. Tolerance of selected bluegrass and fescue taxa to simulated human foot 
traffic. J. Env. Hort. 6:10-14. 
Ferguson, G.A. 1955. Soils. USGA J. Turf Manage. 12(l):29-30. 
Giancoli, D C. 1985. Physics. Prentice Hall, Inc., Englewood Cliffs, NJ. 
Gibbs, R.J. 1990. Maintaining surface stability on sand-based athletic fields. Grounds 
Maintenance 25(3):58-64. 
Giles, C H., and S.N. Nakhwa. 1962. Studies in adsorption. XVI. The measurement of 
specific surface areas of finely divided solids by solution adsorption. J. Appl. Chem. 
12:266-273. 
Hummel, N.W. 1993. Laboratory methods for evaluation of putting green root zone mixes. 
USGA Green Section Record 31(2):23-27. 
Jury, W.A., W.R. Gardner, and W.H. Gardner. 1991. Soil physics. 5th ed. John Wiley & 
Sons, Inc., New York, NY. 
Kezdi, A. 1979. Soil physics: Selected topics. Elsevier Scientific Pub. Co., New York, NY. 
Klingspom, P.E. 1979. Laser interferometric measurement of spherical surface contours. 
BDX-613-2050 (Rev.), Topical Report. The Bendix Corporation. Kansas City, MO. 
113 
Lees, G. 1963. A new method for determining the angularity of particles. Sedimentology. 
(3):2-21. 
Medalia, A.I. 1970. Dynamic shape factors of particles. Powder Technol. 4:117. 
Morris, H.C. 1959. Effect of particle shape and texture on the strength of noncohesive 
aggregates. ASTM Special Technical Publication No. 254. 350-364. ASTM, 
Philadelphia, PA. 
Russ, J.C. 1995. The image processing handbook. 2nd ed. CRC Press, Inc., Boca Raton, FL. 
SAS Institute. 1989. SAS/STAT user's guide, ver. 6, 4th ed. SAS Institute, Inc., Cary, NC. 
Schulz, H. 1984. Botanical composition of turfs on the IGA (Munich, 1983) exhibition 
grounds. Rasen Grunflachen Begrunungen. 14; 15:91-96. 
Tsubaki, J., G. Jimbo, and R. Wade. 1975. A study on the shape characterization of particles. 
J. Soc. Materials Science (Japan) 24(262):38-42. 
Waddington, D.V. 1992. Soils, Soil Mixtures, and Soil Amendments. P.331-383. in: D.V. 
Waddington, R.N.Carrow, and R.C. Shearman(eds.) Turf grass. ASA Monograph No. 32. 
Amer. Soc. Agron., Madison, WI. 
Wadell, H. 1932. Volume, shape, and roundness of rock particles. J. Geology 40:443-451. 
Wadell, H. 1934. Volume, shape, and roundness of quartz particles. J. Geology 43:250-280. 
Whitmyer, R.W., and G.R. Blake. 1989. Influence of silt and clay on the physical 
performance of sand-soil mixtures. Agron. J. 81:5-12. 
114 
CHAPTER 6. GENERAL CONCLUSIONS 
When used as root-zone mixtures, inorganic soil amendments used in this study had 
different impacts on the CEC and hydraulic properties of the sand. The PCC increased both 
the saturated hydraulic conductivity and the amount of available water in the sand-peat 
media. Furthermore, PCC increased the CEC of the media and had selective adsorption of K 
in the cation exchange sites. The sand-peat media mixed with PC had both lower saturated 
hydraulic conductivity and water retention. The results from field samples were similar to 
those from the samples collected at construction and tested in the laboratory. Winter freezing 
and spring thawing play a very important role in alleviating soil compaction by decreasing 
the soil bulk density. However, decreased soil bulk density and increased total porosity is 
not always accompanied by an equivalent increase in because of variations in the 
macropores and micropores. 
In a laboratory study simulating freezing and thawing effects on the sand and soil 
amendments mixtures, it was found that freezing and thawing may result in changes in bulk 
density, particle degradation and particle-size distribution. These factors may then affect K^. 
The ultimate results depend on which of these factors is dominating. 
The sloped research green reflected the complexity of microenvironments on a golf 
putting green. The uniform root-zone materials do not guarantee uniform growing 
conditions. Homogeneity gives way to heterogeneous conditions soon after construction. 
When used as topdressing, PCC, CDE, Zeolitet, and ZPF showed differences of turf color 
and coverage both before and after water stress. However, such differences may just have 
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been caused by the extra nutrients in ZPF or the high Na and K in both zeolite and ZPF. 
Further study is needed to clearfy the physical factors from the chemical ones. 
The results of our study showed that the shape and roundness of sand grains could be 
expressed by a roughness index as long as surface stability of the sand-based media is the 
concern. The roughness index calculated from surface measurement includes three-
dimensional information. The 2-g-sample size used in this study represented a large 
population. The same amount of grains would require much more time to analyze if two-
dimensional methods were used. The roughness index is also relatively sensitive and 
convenient for determining the differences between materials. One obvious limitation of this 
method is that it is not suitable for porous materials. 
Two-dimensional image analysis also can provide quantitative evaluation of particle 
shape and roundness. This method is fast, low cost and more reliable than the visual chart 
method. However, the most popularly used indices, form factor and roundness, provided 
insufficient separation of the diverse sands evaluated in this study. 
Principle component analysis indicated that only three factors—angle at repose, CU, 
and Ir— are necessary to explain 98.5% of the variance contributing to surface stability of 
sand-based media. A combined index is needed to predict the surface stability of sand-based 
media before a more direct measurement of the surface stability is available. Further study in 
the field including compressed media, grass roots, variable water content and other factors is 
a necessity to test the validity of such an index. 
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